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ARTICLES | | | |

DETERMINATION OF THE BURNUP AND ISOTOPIC COMPOSITION OF VVER-440
SPENT FUEL '

Stepanov, T. P. Makarova, B. A. Bibichev, . : UDC 621.039.524.4
Belyaev, A. M. Fridkin, A. V. Lovtsyus, ' o -
Preobrazhenskaya, A. A. Lipovskii, G. A. Akopov,

Kulakov, V. D. Sidorenko, L. S. Bulyanitsa,

. Nikitina, N. A, Malyshev, and M. A. Razuvaeva

oW
Bz

In order to verify the accuracy of the calculation of the nuclide content of the actinide
elements in VVER spent fuel and to improve the computational methods and programs, experi-
mental data are essential about the burnup and conditions of irradiation. 1In [1, 2] experi-
mental data are given about the content of U, Pu, Am, and Cm nuclides in samples of VVER-365
fuel elements, and the results are compared for experiment ‘and calculation. In the present
paper, similar experimental and calculated data are given for the spent fuel of the VVER-440
of the Novovoronezh nuclear power statiomn. o : '

The isotopic composition of the fuel in samples of fuel elements of length ~ 3cm, cut-
off from four fuel element assemblies of the VVER-440 with initial fuel enrichment of € =3.3
and 3.6%, was investigated. Table 1 shows the numbers of the fuel elements from which the
samples were cut-off, and the positions of the sectioned samples over the height of the fuel
elements. The location of the fuel elements in the fuel element assemblies is shown inFig. 1.

In order to study the effect of a change of neutron spectrum over the cross section of
the fuel elements on the isotopic composition of the fuel, the samples were cut-off from fuel
elements of the outer series (fuel elements 58, 25), from fuel elements located near the
central tube (fuel elements 63, 64), and from fuel elements of the intermediate region (region
with an asymptotic neutron spectrum, fuel elements 97 and 107). Samples of fuel elements
1-7 were cut—-off from fuel-element assemblies RP-3.3 No. 71A (block I1I), 8 and 9 from fuel
element assemblies RP-3.3 No. 77A (block I1I), 10-20 from fuel-element assemblies R-3.6No. 213 ‘
(block IV),.and sample 25 from fuel-element assembly R-3.6 No. 216 (block IV); fuel element
RP-3.3 No. 71A was irradiated during a single run; RP-3.3, No. 77A for five runs; R-3.6 No.
213 and R-3.6 No. 216 for three runs. The average fuel burnup in the fuel-element assemblies
amounted to 16, 49, 31, and 33 kg/ton U, respectively.

Fig. 1. Recorder chart of the location
of the fuel elements in the fuel-element
assemblies investigated.

Translated from Atomaya énergiya, Vol. 55, No. 3, pp. l41-145, September, 1983. Original
article submitted November 22, 1982. :
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TABLE 1. . Positions of Sectioned Samples
over the Height of the Fuel Elements and
the Burnup Values of the Fuel in the Sam-

ples Obtained by Three

Methods

8 |7 [oon. 2 Burnup, Kg/ton U
2 |la g 0o |IT& _
E |8 ["zvElg| & E
g |8 | T 0% of o -1
o 2 [ .g 'q"; 4)'::"5 E g 6 ) A 8 >
BB R |0 |4
] : @ = R
5 |FE IS5 SESS |88 2 L
1] 63 1875 16,8(7)% 16,9(3)% — | 16,9(3)*
2| o7 2170 13,70 | 14,32 | — |143@)
3| 97 200 .| 9,3(6) | 8,6(2) — 8,7(2)
4| 58 200 13,7(7) | 13,3 (2) — 13,3({2)
5| 63 375 13,97 | 13,9 — | 13)9(2
6| 97 300 12,6 (7) | 11,6 (2) — 11,7 (3)
7] — — 14,4(7) | 14,8 (3) | 14,1 (4) | 14.6 (&)
81 63 850 55,8 (18] 54,2 (8) | 55,5 (10)| 54,8 (8)
91 63 1350 55,0 (18)] 54,0 (9) | 56,6 (13)] 54,7 (9)
10 | 25 (2285 24,56(9) | 21,4(4) | 20,4(4) | 214,0(%)
11 | 25 125 27,3(9) | 27,7 (4) | 27,8 (6) | 27.7 %)
12| %5 1625 - | 37,6 (12)] 38,9(7; | 38,8(8) | 38.6 (7)
13| 25 625 36,6 (12)] 38,5(6) | 38,1(8) | 38,1(6)
1% | 25 1125 38,0 (12) 38,4(8) | — | 38.3(6)
15 | 64 2225 21,9(9) | 21,8(3) § 22,1 (3) { 22,0(3)
16 | 64 125 20,3(8) | 20,4(3) ] — | 20.4(3)
17 | 641 1625 36,0 (42)| 34,3 (5) | 35,3 (6) | 34,9 (5)
181 63| 1875 32,0 (40)} 32,5(5) | 32,8 (5) | 32.6 (5)
13 | 63 375 33,2 (1)} 32,9.(5) | 33,5(7) | 33,1 (5)
20 { 107 875 35,3 (11)] 35,2 (5) | 33,4 (8) | 34,8 (5)
21 ] 63 1350 35,8 (12)] 35,6 (5) | 34,0(7) | 35,2 (H)

*Here and in Tables 2 and

3, the figures in

brackets show the confidence limits of the
total error of the measurement result for a
confidence coefficient of p =0.95.
fidence limits are related to the last sig-
nificant figure of the measurement result.

For example, 16.8 (7) corresponds to 16.8 *

0.7 etc.

The con-

TABLE 2. Mass Fractions of Nuclides of Uranium and Plutonium, Related to the Ini-

tial Uranium, in Samples of Fuel Elements at the End of Irradiationm, 10-3

No.of .

Séim" 284y 2357 23677 2387J 238Py 239Pu 240Py 241py 242Py TPy

pie K . R .
1 10,19/(6) | 17,6(4) | 3,00 (2| 959 (4) | 0,0248 (3) | 4,26 (5) | 1,06 (4) 0,531 (8) | 0,093 (12) 5,90 (7)
2 | 0,292 (4) | 19,77 (14)| 2,72(2) | 954 (4) | 0,0204(3) | 4,53 (6) [ 0,90 (1) | 0,425(6 0,0416 (16) | 5,92 (8)
3 — 23,5(2) | 2,1(3) 962 (4) | 0,0049 (1) | 2,97(3) [ 0,419 (4) | 0,133(2) | 0,0115 (12) | 3,54 (3)
4 — 20,0(2) | 2,6(3) 959 (4) | 0,0127 (2) | 3,99 (4; 0,79 (1) 0,326 (5) | 0,038 (3) 5,16 (5)
5 — 19,60 (14)] 2,9 (3) 958 (4) { 0,0187 (1) | 4,42 (2 0,89 (1) 0,426 (3) | 0,053 (2) 5,80 (2)
6 — 20,9(2) | 2,4(3) 960 (4) | 0,0120(1) | 3,89(4) | 0,665(7) | 0,289(4) | 0,0283(7) | 4,89 (5)
7 10,259(4) [19,6(1) | 2,68(3) | 956 (4 | 0,022 (5) | 4,85 (41)] 0,97(2) | 0,48 (1) 0,060 (3) 6,38 (15)

8 [0,138(2) | 3,18(2) | 4,68(4) | 919 (4 | 0,452(3) [.6,15(6) | 3,12(3) 2,00 (2) 1,378 (13) | 13,09 (12)

©9-10,142(5) | 3,48(2) | 4,68 (4) | 917 (4) | 0,454 (3) 6,45 (6) 3,33 (3) 2,07 (2) 1,356 (13) | 13,66 (13)
10 . 16,56 (7) | 3,54 (2) [ 951 (4) [ 0,050 (1) | 4,96 (10) 1,32(3) 0,714 (14) | 0,133 (3) 7,17 (14)
11 10,23(1) | 13,28(6) | 4,16 (3) | 946 (4) | 0,098(2) | 5,62 (13)f 1,81 (4) | 1,044(25) | 0,268(7) 8,83 (20)
1271 0,197(n) | 8,28(5) | 4,85(3) [ 936 (4) | 0,201 (2) | 5,98(6) [ 2,45(3) 1,512 (16) | 0,597 (6) 10,75 (11)
13 -1 0,200 (4) | 8,88(5) | 4,72(4) | 937 (4) | 0,196 (2) | 5,97(6) [ 2,42(2) 1,479 (14) | 0,568 (6) 10,63 (10)
14 1 0,197(6) | 8,47(5) | 4,77 (4) | 937 (4) | 0,214(3) | 6,20(8) | 2,49(3) 1,58 (2) 0,620 (8) 11,11 (15)
15 | 0,256 (2) | 16,47 (7) | 3,60 (2) | 949 (4) | 0,0560(3) | 5,29(3) | 1,405(7) | 0,781 (4) | 0,149 (1) 7,68 (4)
16 | 0,261 (2) | 17,72(7) | 3,42(2) [ 950 (4) | 0,0496 (5) | 5,28(5) . 1,33 (1) 0,729 (7) | 0,126 (1) 7,50 (8)
17 10,203(1) | 9,38(4) | 4,64(2) | 939 (4) | 0,489 (1) | 6,25(%) | 2,40(2) 1,50 (1) 0,532 (4) 10,87 (7)
18 10,218 (2) | 11,26 (5) | 4,38(2) | 940 (4) | 0,144 (1) 6,12 (6) 2,15(2). | 1,345 (14) | 0,408 (4) 10,16 (10)
19 | 0,213 (1) | 10,57 (4) | 4,46 (2) | 940 (4) | 0,146 (1} | 6;08(6) I 2,19 (2) 1,380 (14) | 0,439 (5) 10,23 (11)
20 | 0,204¢1) [ 9,58(4) | 4,64(2) | 939(4) | 0,186(2) |6,17(6) |  2,36(2) 1,464 (15) [ 0,511 (5) 10,69 (11)
21 10,200(2) | 9,54(4) | 4,63(2) | 936 (4) | 0,200(1) [6,27(4) 2,38(2 1,50 (1) 0,523 (3) 10,86 (7)

566
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TABLE 3. Mass Fractions of Nuclides of
TPE, Related to the Initial Uranium, in
Samples of Fuel Elements at the End of
Irradiation, 10~°

?;:;1;12 243Am ) 242Cin 244Cm
1 2,2 (9) 1,0 (1) 0,41 (4)
2 — 0,22 (2) 0,023 (2)
4 1,4 (4) 0,79 (8) 0,19 (2)
5 2,3 (5) 1,2 (1) 0,38(.3)
6 1,6 (4) 0,93 (8) S 0,492
1 R 8(5) 0,65 (6) 0,37 (4)
"8 440(40) 42 (1) | 2336y
9 . 340 (40) A (D) 225 (5)
.10 13 (1) 4,45 2,1(2)
<14 481(4) 10 (1) 9,6 (9)
12 - 99 (5) 17 (2) 42 (5)
13 a3 (5) 15 (2) 34 (4)
14 . 106 (3) - 17 (2) 41(5)
15 13,6 (1) 6,34 (11) © 3,28 (8)
16 AL A0y 5,78 (20) 2,41 (11).
47 1 798y 20,6 (6) 37,4 (10) -
18~ 57,5 (16) 16,0 (3) 21,9 (6)
19, 1 65(4) 16,4 (4) . 23,910y
20 74 (8) - 19,3.(5) 35,6 (13)
2] o) 24,9 (5) 39,8 (12)

"TABLE 4. Average Deviations of the Cal-
culated Values of the U, Pu, Am, and Cm
Nuclide Content from the Experimental Data, %

ROR |{UNIRASSOS| ROR UNIRASSOS
Nuclides '
: e=3,3% e=3,6%
2851} 3,3 4,3 6,7 9,4
2361 ] 25 15 14 5,7
238 Py 6,7 6,3 . 12 8,2
240py 7,4 7,0 17 3,6
231Py 1 12 4,2 4,4
242Py .| 42 At 8,3 4,8
. 243Am —_ 47 - e 22
_ miCm — & — 19

The fuel-element samples were dissolved in a solution -of 8 M HNO, at t =9_0—95°C. The
solution obtained was diluted with 2 M HNO; to a concentration of about 2 mg/ml with respect
to uranium. Weighed aliquots were taken from the solution for measurement of the mass frac-
tions of isotopes of U, Pu, Nd, and '®’Cs. The mass fraction of uranium was determined by
the differential spectrophotometry method [3]. The error of the uranium determination amount-
ed to 0.4%. The concentration of Pu was measured by the isotopic dilution method with 23°Pu
in conjuction with a-spectrometric analysis [4]. The isotopic composition of U and Pu after

. their chromatographic purification was measured mass-spectrometrically, except for *?°Pu,

for which a-spectrometry was used.

The chemical extraction of Am and Cm from the solutions was carried out after separa-
tion of U and Pu. The separation of the total rate-earth and transplutonium elements (TPE),
coprecipitated previously with lanthanum. fluoride., was carried out by the method of elec-
tromigration [5] and extraction [6]. The mass fraction of the nuclides Am and Cm in samples
1-7 and 10-14 was determined by the method of direct a-spectrometric analysis of the total
TPE fraction. For this, the fraction which. comprised the Am and Cm inthe total TPE fraction
was monitored by the a-line of *“*Cm (E=977.6 J), easily identified in the a-spectrum of
the initial fuel solution. 1In order to increase the sensitivity and. to reduce the error,
samples 8-9 and 14~21 were analyzed by using the method of isotopic dilution with 2“'Am and
2%%Cm in conjunction with a- and mass- spectrometric analysis [7].

567
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The fuel burnup was determined by three methods: by the change of isotopic composition
of the actinide elements {8], by the content of '“®Nd, and by the content of *3’Cs in the
fuel [2, 8]. Table 1 shows the results obtained by ‘these methods and also the weighted mean
burnup values. When calculating the weighted‘mean values of the burnup, a weighting inversely
'~ proportional to the error of each method was used. It can be seen from Table 1 that these
values coincide with one another within the limits of the measurement error. 'The conclusion
can be drawn, therefore, that migration of '27Cs over the height of the VVER-440 fuel elements

is absent right up to a burnup of 55 kg/ton U.

Tables 2 and 3 show the measurement results of the content of U, Pu, Am, and €m nuclides
in the fuel-element samples investigated at the end of irradiation. For comparison of these
results with the calculated isotopic composition of the fuel by the program used at the nuclear
power station for the computation of the content of actinide nuclide in spen fuel-element
assemblies, Figs. 2 and 3 show the calculated curves of the content of U and Pu nuclides
versus the fuel burnup in VVER-440 fuel-element assemblies with € =3.3 and 3.6%, obtained by
the ROR program [9]. The calculations of the isotopic composition of the fuel by this program
were performed at the Novovoronezh nuclear power station. Figures 2-4 show the similar curves
of the content of U, Pu, Am, and Cm nuclides versus the fuel burnup, obtained by the UNIRASSOS
program [9]. The UNIRASSOS program, by comparison with the ROR program, contains a number,
of methodical refinements in the description of the neutron spectrum, the calculation of the
effective cross sections for the actinides and fission nuclides, etc. Figures 2-4 also show
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Fig. 3. Dependence of the content of Pu iso-
"topes (in kg/ton U) on the fuel burnup for
€=3.3 (a) and 3.6%Z (b): —— and ---) calcula-
tion by programs UNIRASSOS and ROR;¢O , O, 0, A)

239py, 24%py, ?“*Pu, and *“?Pu (data of present

paper); 4, ®,m , A) data of [10].
| the experimental values of the content of U, Pu, Am, and Cm nuclides in samples of fuel ele-
ments, obtained in the present project and in [10], in which a single specimen cut out from
the center of fuel element assembly R-3.6 No. 216 was analyzed. ' '
|
|
|

It can be seen from Fig. 2 that for € =3.3 and 3.6% the experimental points are system-

matically below the calculated curves for *2°U 236
238
U

, above for U and they coincide with the
calculated data for . The experimental data concerning the content of U isotopes, ob-
tained in the present project and [10], coincide within the limits of the measurement error.
The systemmatic deviations of the calculated and experimental data are characteristic also

for the content of plutonium isotopes (see Fig. 3). For e =3.3%, theexperimental points at
higher burnup values lie systemmatically above the calculated curves for 2*°°?*'Py, and for

€ =3.67 the same systematic deviation is observed for **°Pu. The experimental and calculated
data differ most significantly for *“*Am and *““Cm (see Fig. 4). With a fuel burnup of less
than 22 kg/ton U, the calculated content of these nuclides is greater than the experimental
data by a factor of 1.5-2. It should be noted also that a deviation is observed also in the
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UNIRASSOS program; A, Q) 2“%Am and *““Cm (pres-
ent paper); A, ®) data of [10].

experimental data on the content of 2395241p,  obtained in the present project and in [10].
It is possible that this is related with fundamental difficulties of the a-spectrometric
method used'by the authors of [10] for measuring the isotopic composition of plutonium.
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Table 4 gives the average deviations of the calculated content of U, Pu, Am, and Cm
nuclides, obtained by means of the ROR and UNIRASSOS programs, from experimental data of
two groups of fuel-element samples. It can be seen from Table 4 that for different nuclides
the deviation amounts to-3.3-477 and that the UNIRASSOS programgives a somewhat better agree-
ment with the experimental data for the majority of nuclides. The systematic deviations of
the calculated and experimental data, obviously, can be reduced significantly by means of
a correction of the effective cross section used in these programs, by the procedure described
~in [111.

It can be seen also from Figs. 3 and 4 that the spread of the experimental points for
similar burnup values, exceeds the experimental error for certain nuclides of plutonium and
TPE. This same relationship is observed also for the VVER-365 fuel [1, 2]. This spread may
be related with local variations of the neutron spectrum from fuel element to fuel within
the fuel-element assembly and over the height of the fuel elements, and also with unevaluated
systematic errors in the experimental data, associated with dissolution of the samples. The
volume of experimental data obtained in this present project and in [10}, on the content of
nuclides of plutonihm and ‘the transplutonium elements in certain fuel elemerits located at
the periphery and in the inner region of the fuel-element assemblies, are still insufficient
for the investigation of the dependence of the isotopic composition of the fuel on the loca-
tion of the fuel element in the fuel-element assembly and the position of the sample cut out
along the height of the fuel element. Further experimental and computational investigations
are required for this.- It should be noted also that the spread of the ‘experimental p01nts
in the case of 51m11ar burnup values of the fuel for the majority of the plutonium and TPE
nuclides is significantly less than the’ systematlc deviation of the calculated and experi-
mental data. : '
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SURFACE STATES OF CONSTRUCTIONAL MATERIALS AFTER PROLONGED OPERATION

IN BASIC SYSTEMS IN POWER STATIONS CONTAINING RBMK-1000 REACTORS

after prolonged operation (over 60,000 h).
after such a time are determined only by the interaction with the working medium.

V. M. Sedov, P. G Krutikov, N. V. Nemirov,
A. I, Grushanin, N. M. Papurln V. M. Egorov,
and A. P. Eperln

UDC 621.039:620..193.01

The surfate_state of a constructional material is determined ‘to a considerable extent
by the propertiés of the metal and by the action of the medium in contact. with it [1, 2].
It has previously been shown [2-4] that the state and physicochemical properties of surfaces

alter at various stages in the operation of nuclear. power station equipment starting with
the installation period. -

Considerable interest therefore attaches to the surface states of apower- station system

The surface state and properties of the metal
There

should be no effect from the 1n1t:1al state or from the various activating or pa531vat1ng
treatments during startup. '

Here we examine results obtained on equipment surfaces in the steam and condensate—feed
sections in a nuclear power station cortaining RBMK-1000 reactors that have been in operation

for over 60,000 h:

The opened-up equipmerit '(separator and-steam superheater,
and the pipelines were examined visually, and- samples of deposits were taken at accessible
The chemical and' phase compositions of the surface

" points and the specimens were sectioned. ]
corrosion products were determined [5], both friable and firmly attached.to the metal.

and deaerator).

The

electrochemical behavior of the metal surface was examined by comparative analysis of anodic

potentiodynamic curves [5].

ones.

rosion products forming the film was on averagée 90-95 g/m?

Figure 1 shows the deposit sampling points and specimen cutting-

_ On all the surfaces there were deposits consisting of a continuous friable upper layer
of red-brown color and a lower one firmly adhering to the metal.

The total amount
on steel 20 in steam, while on

of cor-

" TABLE 1. Compositions and Amounts of Corrosion Products on Inner Surfaces of Equip-
ment _ .
. K | Construc- |Phase composition, mass % |Chemical composition, mass % A‘mougl:
Deposit sampling Working tional_ ] - - of pro ;
point condmgns . ;rtl:etlen_al . FeO | FesOy | o-Fez0s Fe | wm | o | M| ocu ;‘:{s’g
Pressure tube, PEN=-5 | Water, 165 °C 20 . - 39 61 74,6 | 0,2 10,4 10,09]|0,05 —
Deaerator * (wall of |Water,164°C, |OKh18N1OT| — | — 100 69,210,07 | 6,9 | 0,07} 0,05 6510
guide apparatus) p =~ TMPa
Deaerator, upper part |Steam, 164°C 3 — | 73 70,4 ]0,8 |0,03] 0,020,084 90215
' ~ TMPa
Deaerator, lower part Water, 164°C 20° — | 15 85 69,8 | 0,15 | 0,45 | 0,08 | 0,02
Live-steam pipe in Steam,280‘c 20 2% | 20 54 — =] =1 =1 —| 9515
second stage of SSH | p ~ 65 MP
Steam 1‘plpe after Steam, 211°C, |OKh18N10T| _— — — — — — - — 10+3
HCP ' in first stage p~19 MPa
of SSH . |
Pipe for separated - [Water 136°C |OKh18N10T| — - — —_ — — — — | 5010
rwater from SSH .
%Only friable part of deposits.
tHigh-pressure cylinder. .
Translated from Atomnaya Energiya, Vol. 55, No. 3, pp. 145-147, September, 1983. Origi-

nal article submitted September 21, 1982.
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Fig. 1. Essential scheme for the condensate-
feed séction in a nuclear power station contain-
ing RBMK-1000 reactiors: 1) pressurized pipe for
feed electric pump FEP; 2) wall of guide appara-
tus in deaerator (p =~ 7 MPa, t =164.2°C); 3) upper
part of deaerator (at manhole); 4) lower part of
deaerator tank; 5) live-steam pipe’ in second
stage of separator and steam superheater SSH; 6)
steam pipe in first stage of SSH (t =210.7°C,

p =19 MPa); 7) separated water pipe (t =135.9°C);
a) from separator drum (po~ 65 MPa, 't =280.4°C,
X0 =0.995); b) in separator drum; LPC) low-pres-
sure cylinder; C) turbine condenser; CP-1 and CP-2)
condensate pumps of first and second stages.

steel OKh18N10T in water it was 50-65 g/m®, and in steam it was 10 g/m®. The amount of de-
posit on the metal was very small for such a prolonged operating period. Table 1 gives the
chemical and phase analyses, which show that the composition of the surface corrosion products
(as one of the characteristics of the surface state) differs from that after manufacture,
during installation, and during the first years of operation [3, 4, 6].

A basic component of the friable layer was hematite, and the composition of the deposits
was averaged over the contour, as previously observed [3, 6]. The formation of a-Fep0; in-
dicates that there is an oxidizing medium in the working zone. The firmly adhering film on
the pearlitic steel is more complicated in composition (Table 1): 1In the layer adjoining the
metal in the case of the steam exposure there was up to 26% of oxide of wiistite type (Fe0),
followed by magnetite (Fe30,), and hematite (a-Fe,03) in the upper layer. This structure
for the firmly adhering layer and the presence of wiistite are unusual for the normal working
conditions of systems and loops in power systems, since the stability range of wiistite lies
above a temperature of 570-575°C [7]. With the neutral-oxidizing conditions that are becom-
ing more common in thermal power engineering, it has also been found that wiistite occurs in
the viscous sublayer of the dense part of the deposits [8]. It seems that the formation of
FeO in our case confirms that oxidizing processes occur at the inner surface of the loop.

After 13,000 h [6] and 21,000 h [3], the friable deposits in the major systems contained
maghemite y-Fe,0s;. The firmly adhering corrosion products on the surfaces of major systems
after installation [4] contain up to 20% y-Fe,0;, which in these cases can be explained as
due to formation during the manufacture of the pipes and equipment (thermal scale). Under
working conditions, the surface layer on the metal is reformed, and the previously formed
oxides are gradually removed and carried off into the loop. This reforming may last more
than two years [3].

The above does not rule out the presence of a very thin film of maghemite (below the
sensitivity of phase analysis) formed on top of the magnetite on further oxidation in air
(not under working conditions). 1In particular, galvanostatic chronopotentiometry showed that
there was a small amount of y-Fe,0; at the surface of the dense part of the deposits on the
wall of the guide section of the deaerator (OKh1l8N10T steel), which closer to the metal passed
into a mixed spinel, which contained chromium and nickel.
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Fig. 2. Anodic potentiodynamic curves for
steel 20 in borate buffer (pH=7.45; t =20 =
2°C): solid line, groundsurface; broken line,
_in aerated borate buffer after 60,000 h of
operation; dash—dot line, the same in deaerat-
ed borate buffer (here and in Fig. 3 nhe is
' the normal hydrogen electrode).

Fig. 3. Anodic potentiodynamic curves for
steel OKh18N1OT in borate buffer (pH=7.4;

t =20 £2°C): solid line, groundsurface;
broken line and dash—dot line, after operation
in water and steam.

The anodic potentiodynamic curves characterizing the electrochemical behavior of specimens
cut from the equipment are given in Figs 2 ‘and 3; there is no region of active dissolution
on curves 2 and 3 in Fig. 2 (segments from a pipe taking steam to the separator and steam
superheater), which is a characteristic feature when the surface has an adhering oxide film
providing protection. The anode current in the passive region differs little from the current
for the ground surface and is reduced somewhat when oxygen is eliminated from the electrolyte.
The curves of Fig. 3 do not show substantial differences in behavior between the ground sur-—
face of the stainless steel and that after prolonged operation in liquid and vapor media.

The deposition of corrosion products and the growth of an oxide layer have only slight effects
on the protection.

Therefore, there are substantial changes in structure and properties in the surfaces
of equipment made from pearlitic steel during prolonged operation. The composition and struc-
ture of the oxide layer indicate that neutral oxidizing conditions are set up in the live-
steam pipelines and in the drainage pipes for the separator and steam superheater on account
of the oxygen produced by radiolysis. This must be borne in mind in devising the technologi-
cal conditions during -startup and shutdown. The amounts of corrosion products on the carbon
steel in the steam system are comparatively small after prolonged operation and are 95%15

g/m*; the initial oxide layer is reformed during operation, and the reformatlon lasts more
than two years.
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EFFECTS OF o-PARTICLE RETENTION ON THE CHARACTERISTICS
OF AN AMBIPOLAR REACTOR

N. N. Vasil'ev and M. G. Kuznetsov ' UDC 621.039.624

Recently, much attention has been given to. the analy51s of the reactor aspect of traps

_with ambipolar plasma containment. Concepts have been proposed [1-5] that show that such

a reactor can have certain advantages over other systems with magnetic containment. One of
the major advantages of an ambipolar reactor is that in principle it is possible to have a
completely stationary mode of operation. At first sight, that state is realized automatical-
ly, since there. is no need to.maintain closed currents in the plasma by the creation of a -
vortex electric field, while the helium product and the impurities can be removed from the
reactor in a natural fashion along themagnetic lines of force. However, the longitudinal
containment time for the ions in the central trap is exponentially dependent on.the charge,
and therefore the helium concentration may ‘become impermissibly high if there is a strong
source of a particles and no transverse transport [1, 6]. The rate of helium accumulation
in the central trap can be reduced substantially by designing the magnetic system in such
" a way that the adiabatic condition is not obeyed for most of the a particles produced. How-
ever, this design is not favored by energy considerations, particularly for a reactor with
thermal barriers, since in that case it is not clear how one heats the .iens in. the  central
trap, which is in addition to the purely constructional .problems (with a thlck radiation-
shield, it is complicated to prov1de a large magnetic-field gradient).

The most suitable method of effective elimination of a particles from the central trap
without losing their power would . be to extract thermalized helium ions transverse.to the
magnetic field in the wall region. The helium emerges along the lines of force from this
region in the absence of a potential barrier there (this has been demonstrated in experiments
with the TMX [7]). The following are mechanisms that provide for rapid transverse helium-ion
transport: ‘<classical transport due to the inverse density gradient in the main plasma and/
© or temperature and potential gradients, neoclassical diffusion associated with the absence
-of axial symmetry in the magnetlc field at the ends of the central trap, and anomalous trans-—
port processes.

The scope for classical transport in an inverse gradient has been con31dered in the
project for the TMR ambipolar reactor (without thermal barriers) [1], where it was shown
that thismechanism becomes important only for 83>*0.95. The following is the balance equation
for the thermalized « partlcles, whlch includes the source and the 10ng1tud1na1 ‘and trans—
verse losses: : : : ‘

14 <<oV > ni=ngft| +nglt,

and from this one readily gets an expression relating the proportion of helium Cq = ng/n;

and B. The longitudinal time T; can be estimated from Pastukhov's formula, while the trans-
verse—-loss time can be estimated from Rozenblyut's expression for the flux of o particles

in thé presence of a density gradient for the main ionic .component:

_ 6-10712 . an; ang
ai—~’;7§;;7I:35'( anajgr—-nz—57-)

As ng/t; == —divI,; , we substitute for all the derivatives an/dr~ nla, 3*nldr* ~ nla* as regards
order of magnitude for estimation purposes, for the characteristic values of the temperature
T, density n, magnetic field B, and plasma radius g in the TROL reactor [4], which can give
Cq =0.28 with B=0.95 and Cy =0.48 with B=0.9. At such high B, however, it is not obvious
how one stabilizes the MHD instabilities in the plasma, in particular the cylinder modes.

Translated from Atomnaya énergiya, Vol. 55, No. 3, pp. 148-151, September, 1983. Origi-
~nal article submitted December 8, 1982.
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Studies have been made [8, 9] on the use of neoclassical mechanisms for transverse a-
particle transport, also for a reactor without thermal barriers. It is found that this method
is effective only with a.large quadrupole component in the magnetic field at the ends of the
central trap, which is very complicated to produce in a system with thermal barriers. It
may also be that in the axially symmetrical configurations there will be some anomalous
processes leading to marked particle diffusion transverse to the magnetic field. It is
therefore of interest to examine the characteristics of a reactor containing thermal barriers
in relation to the transverse particle-containment time without going into the details of
the particular mechanisms providing this transport.

- The analy51s indicates that the reactor characteristics-may deteriorate not only on
account of the accumulation of helium. The fast a particles during thermalization make a
considerable contribution to the pressure, which is comparable with the pressure from the

-main plasma. This makes it necessary to :increase the mégnetic field in the central trap,
which automatically causes an increase in the volume of the plasma in the closing traps and.
therefore a reductlon in the power amplification coefficient Q. The constralnts on related
to. the MHD stability of the plasma are amongst the decisive parameteérs in estimating the
viability, so trapplng of fast a particles may be unfavorable.

Here we use a zero-dimensional model in parametrlc analy31s of . the effects of a-particle
- containment on the characteristics of an ambipolar reactor with thermal barriers. The param-
eters are the fast a=-particle trapping coefficient and the transverse containment time in

the central trap T€ .

Plasma—Phy51cs Model. The model is based on the zero-dimensional energy and particle
conservation equatlons. Also, n and T denote the plasma density and temperature (the sub-
scripts are: i ions, e electrons, a thermalized.a particles, f fast w«.particles, while the
superscripts c, p, and b denote the parameters in the central trap, the plug traps, and the
thermal barriérs.cor:espondingly}t : :

1. The following is the energy equation for the ions in the central trap:
30 ¢ erme . , . e e
B L ((n ) TS = K Wi+ W+ W Wy — W, — W — W5,

Here on the right with plus signs we have the energy sources from the a particles, the neutral-
beam injection, and the energy exchange with the electrons correspondingly. The negative
terms represent the energy sinks due to longitudinal and transverse particle loss, charge
transfer, and burnup correspondingly; K¢ is the proportion of trapped fast a particles

(0L Ky<<1). The temperature of the thermalized helium ions is taken as equal to the tem-
perature of the fuel ions. The particles escaping along the lines of force carry off energy
ZAQe - T, where ZA(M¢ is the ambipolar barrier for particles with charge Z. The intensity
of the longitudinal losses is determined from the modified form of Pastukhov's formula [10].

Particles escaping radially with frequency 1/1i, , carry off energy equal to the tempera-
ture at the surface of the plasma T§, ~ 0,01T;, and the transverse times may be different in
general for the fuel ions and the helium. ’

2. The following is the energy equation for the electrons in the centtal trap:
3 0 nsTe ¢ p_.c we 149 we, — Wt
’2—‘0—' ) —'KjWea“‘*'z ig ™ Wer™ YWel el

In this equation, the sources are provided by the specific power transferred from the a
particles and the electrons trapped in the plug traps correspondingly, while the sinks are
represented by the specific power of the energy exchange with the ions (the electrons as a
rule are hotter), together with radiation and the longitudinal and transverse losses; V is
plasma volume. The electrons emerging along the lines of force carry off energy TS 4 e
where ¢ is the ambipolar plasma potential. The electons emerging in the transverse direc-
tion with frequency 4/1%, carry off energy equal to the temperature at the plasma surface
¢, &~ 0.01T¢ . The energy exchange between the electrons trapped in the plug traps and the
escaping ones, whoese concentration is equal to the concentration in the thermal barriers,
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‘Fig. 1. vDependence-of‘the”aecumulation Qf,'
thermalized helium »3/zf - on transverse

 containment time 1% in the central trap
with complete fast a—partlcle trapplng

. Fig. 2.~ Dependence-of Q on’ ™ w1th~fast_
. a—particle trapping coefficients of

0 (1), 0.5 (2) and 1 (3).

occurs in part via a potential barrler of height AUF o A®S where A®® is the thermal barrier
[11], and in part by radical electron. diffusion in the plug traps with frequency 1/<2, -

The latter on attaining the periphery of the plasma with its low potential barrier transfer

to the group of escaping ones. The overall spec1f1c power in the exchange between the elec-
_tron components is C » : »

Wg—.c.:':'l( ‘nE) (1/TP*C‘T'1/TLL)] (]p Tce)
3. The fhilowing'is'the'energy edqatidn for the electrons in_the plug traps:

2 [(n?— nb)b I = W -+ W(pm — W(R; W?%-

3
2 Ut

Here the energy sources are the spec1f1c power in the energy exchange between the- hot injected'
ions and the uhf heating correspondlngly, while the sinks are the losses by radiation and by
particle exchange with the escaping component. :

4. The follow1ng is the conservation: equatlon for the fuel ions in the central trap:

. .0 c2
ill

. Ic . : n$ . n
C C 1 i 1
T =y Ni— (q[’>D-'l‘_—_Tg —‘Tl ..
. . 1

Here I is the fast—atom injection current and N is the ion-trapping coefficient, which is
determined by ionization and charge transfer. '

- 5. The following is the ion-conservation equatlon for a plug trap:

mw n? n?

i .
— Rl =g P —— —
gt i PA% ¥ p
: Ti Til

Here 1 is the ionization coefficient for the neutral beam. The longitudinal ion-contain-
ment time tf, ~may be determined from formulas that approximate the results of Focker—Planck
calculations.

6. The following is the conservation equation for the thermalized a particles:

(0/a7) né, = nP4 (6V)p_n K — ng/Te — NaiTas-
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This system of equations is gupplemented with theconditions for electrical neutrality:
ne =N+ 2 (ng -+ nj); nP=n?

and the balance equation for the ion and electron current from which one'determines the
 ambipolar potential @C :

C
c n; nt n n?

= S (oVhpor (1— Kf)j S . . T
a"L 1.L Tell 17”_ Ty -

The potential barrier is

ADE — AD” —_.-Amf’; A0 =T’ in | ":"p(% )“ 2J ;

e

Here KP? —-n’nmx/nc is the 1nhomogene1ty coefficient for the 1ong1tud1aal distribution of the
particle denmsity in the plug trap (K &2 for a sinusoidal proflle) The thermal barrier is
taken proportional to the electron temperature ADY ~ TS :

'._The pressure due.to the fast q partlcles is calculated from

‘ = 2/3n5Ey
where : o
: AcTc3/2
n, =n; /4 (0V)]) T Kjts, ts 3 2. ’108 —“:,',- .
A/en
Vi (T°)~03—07 £} -=3520- keV

Results and Discussion. We selected thé current. and 1nJect10n energy for the central
and plug traps together with the power of the additional uhf electron heating for Qwas maximal
‘withgiven geometrical dimensions, fusionpower, thermal load at the first wall, and maximal
magnetic field in the plugs. The calculations were performed for a reactor with a fusion
power of about 800 MW and a neutron load of 1 MW/m® [4]. The length of the central trap and
the plasma radius in it were 40 and 2.25 m correspondingly, while the maximal magnetic field
in a plug was 14 T. However, certain parameters were altered relative to the project: With
a vacuum spiral ratio in the plug trap RP =2, the length of the latter was 3.5 m. Also,
with the addition of thermal barriers the injection energy in the plug traps was reduced to
500 keV. The limiting value of B in the central and plug traps was taken as 0.6, while the
magnetic field in the central trap varied from 1.6 to 2.4 T in the various forms in -accordance
with the plasma pressure. Correspondingly, the radius of the plasma in the plug traps varied
from 1 to 1.25 m. In the calculations,'the height of the thermal barrier was taken as twice
the electron temperature in the central trap [12]. The transverse component-containment times
in the corresponding traps were taken as identical. The following are .typical plasma param-—
eters (these may vary slightly from case to case): ' ‘ '

Fuel.lon d?281ty in central » 5% 103
trap, cm

Mean deuterium ion density
in plug trap, em™? _ - 7 x10'?

Temperature, keV:
fuel and helium ions in

central trap 30
electrons in central trap : .. 45
electrons in plug trap : 70

Plasma potential in trap, kV:
central 130
plug ' ’ 210
Thermal barrier height, kV 90

Figures 1 and 2 give the results. The equilibrium helium content may attain 407 of the
fuel ion density (Fig. 1) with complete containment of the fast a particles (Kg=1) and in
the absence of vigorous transverse transport:>1ﬂ00 sec. Here Q exceeds 1. only slightly (Fig.
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2). On reducing T¢ to 10 sec, the proportion of helium is reduce by a factor of five,
which approximately doubles Q. However, any further reduction in 1§ below 5-10 sec reduces
Q on account of the marked increase in the power required to maintain the plasma density and

' temperature in the central trap. A similar dependence of Q on t; is observed for K¢ =0.5.
An interesting point is that the optimum value of 1t} is approximately equal to 15 . For

the case K¢ =0 (fast a particles not contained), the dependence of Q on 1% is monotone,

and one then gets the largest value of Q, since the heating of the ions in the central trap
by escaping electrons is fairly extensive with the moderate thermal-barrier height  assumed
here.

- - These results show that Q does not exceed four in spite of the use of thermal barriers,
and this is substantially below the values given for example in [2]. It should be remembered
however that these.calculations have been performed with a more conservatlve assumption about
_ rGP and lower -fusion power. ’

The follow1ng conclusions are drawn from this study on the effects of a—partlcle contaln—

- ment on the characteristics of an ambipolar reactor with thermal barriers.

With the constralnts 1mposed on B for the central plug traps, the trapplng of fast a
partlcles may be harmful on- account of their considerable contribution to- the plasma ‘pressure.

_ As partial containment and subsequent thermalization of the a particles will always
“occur, one has the problem of providing sufficiently rapid radial plasma ‘diffusion in the
central trap with a_characterlstlc time comparable with the longitudinal~containment time.
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DEFORMATION AND FAILURE IN OKh16N15M3B STAINLESS STEEL

IRRADIATED TO A FLUENCE OF 1.4 x 10?2 neutrons/cm?
S. A. Averin, E. N. Loguntsev, A. N. Filonin, UDC 669.14.018.8:539.12.04

-I. S. Golovnin, 0. S. Korostin,

and V. V. Romaneev

There are many papers on radiation embrittlement in stainless steels, particularly at
high temperatures, but as a rule they present results from simulation with accelerators V.
F. Zelenskii et al., Nuclear Science and Engineering, Physics of Radiation Damage and Radla—
tion Material Science Series [in Russian], Issue 4(18) (1981), p. 3).

Transmission electron microscopy and scanning electron microscopy TEM and SEM have been
applled to the dislocation structure and the signs of slip produced by deformation as well.
as the surface morphology in the failure. of ring specimens irradiated to a fluence of 1.4 x
10*? neutrons/cm® (E>0.1 MeV). The ring specimens (two rings of diameter 6.1mm, cross sec-—
tion 2 x0.35 mm) were cut from a standard BN-350 fuel pin in which the burnup attained 5.4%
of the heavy atoms. This pin was in a fuel-pin cassette that had operated for 267 effective
days (160 effective days at a power N=0.65N,, 9L effective days at N=0.52Ny, and 16 effec-
tive days at N =0.36N,, where N, is the nomlnal reactor power). The irradiation temperature
was. 450-500°C.

The pin cladding was made of OKh16N15M3B steel in the form of a tube of diameter 6.1 mm
in the state as supplied without additional heat treatment.

The following are the contents in mass % of the elements in the steel:

C..... 0,065 Ni..... 15,15
Mn 0.55 Mo 3,02
Si..... 0,40 Nb 0,62

S . ... 0,004 N, 0,036
P..... 0,015 Fe..... Balance
Cr..... 16,4

Table 1 gives the strength and plasticity characteristics of the specimens as determined
by stretching along the longitudinal axis. :

Fig. 1. Point of failure in a polished
annular specimen on the inner surface
(SEM) .
TABLE 1. Ilechanical Properties of Fuel-
Pin Specimens
Temperature, C oy, MPa 8, % 60,2, MPa
20 623,0 47,0 —
© 375 524,8 33,5 245,3
650 441,6 32,5 —

Translated from Atomnaya ﬁnergiya, Vol. 55, No.

3, pp. 151-153,

September,

1983.

Orig-

inal article submitted January 10, 1983.
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Fig. 2. Failure surface in a ring specimen made of irradiated
OKh16N15M3B stainless_steel (SEM) at different magnifications.

Fig. 3 : Fig. 4
Fig. 3. Failure surface in OKh1l6N15M3B stainless steel eﬁémined after
failure at 500°C (SEM).

Fig. 4. Failure surface in a ring specimen from irradiated OKh16N15M3B

stainless steel near the inner side of the ring (SEM) at different mag-
nifications.

Fig. 5. Outer surface of a ring specimen polished before test
and cut from irradiated OKhl6N15M3B stainless steel near the
point of failure.

The irradiated specimens were tested in stretching with a rate of 1 mm/min, test tem—
perature 500°C. One of the specimenswas polished electrochemically before testing toreveal signs
of slip. The rings after failure in the mechanical tests were examined with an REM-200 scan-
ning electron microscope. We examined the outer and inner surfaces of the specimens near
the points of failure as well as the failure surface itself. A carbon replica was produced
from the outer surface of the polished specimen near the point of failure to provide for more
‘detailed analysis of the slip, and this was examined in an NI-200 transmission electron micro-
scope. The replica was made by the usual method using local shielding. After the surface
examination, two-sided thinning was used to prepare foils from part of the ring near the
failure point and also from undeformed parts near the clamps for examination in transmission
in the NI-200 at an accelerating voltage of 175 kV.

Both rings during the mechanical tests* showed small (about 1.57%) plasticity and high
strength parameters (Co.2 =430 and 620 MPa for the polished and unpolished specimens corre-
spondingly).

The fractographic examination of the two specimens showed the following:

*The meéchanical tests were performed by A. V. Kozlov.
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Fig. 6. Signs of slip on the outer surface
of- a ring specimen of irradiated OKh16N15M3B
stainless steel near the point of failure (a)
at a distance of 0.1 mm from the point of
failure (b). (replica, TEM).

Fig. 7 Fig. 8

Fig. 7. Point of failure in an unpolished
ring specimen taken on the inner surface (x
275) (SEM). '

Fig. 8. 1Internal surface of a polished ring
specimen near the point of failure (SEM).

Fig. 9. Structure of the internal layers in
the undeformed parts of a ring specimen of
irradiated OKh16N15M3B stainless steel.

1. The failure surface in the main lay at 45° to the stretching axis, although there
were parts perpendicular to it (Fig. 1).

2. The failure is mainly of transarystallite character (Fig. 2) with a specific kink
different from that usually observed. For example, Fig. 3 shows the fractogram for a specimen
of unirradiated OKh16N15M3B stainless steel after failure at 500°C.

3. The fractograms showed a zone of intercrystallite failure on the inner side of the
ring (Fig. 4) of thickness 2-4 grains (about 60 um).

SEM examination of the outer surface showed signs of slip near the failure point (Fig.
5) in a zone of width not more than 50 um. Detailed examination of the signs of slip by the
replica method using the TEM confirmed the localization of the plastic deformation. Near
the point of failure there were coarse tracks with effective slip transfer from grain to
grain. Two slip systems could be seen in many grains (Fig. 6a). At the same time, even at
a distance of only 0.1 mm from the point of failure there were signs of slip only in individ-
ual grains, and these were smaller and as a rule represented a single slip system (Fig. 6b).

SEM examination of the inner surface showed surface cracks perpendicular to the stretch-
‘ing axis (Fig. 7). The polished specimen showed that the cracks were of grain-boundary type
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Fig. 10. Structure of the internal layers near
the point of failure in a ring specimen of ir-
radiated OKh1l6N15M3B stainless steel.

(Fig. 8), while signs of slip were absent. TEM examination showed that the inner layers have
the usual structure of irradiated stainless steel in the undeformed state, i.e., they con-
tained many pores, small dislocation loops, and small segregations (Fig. 9a). At some points
there were phase deposits at the grain boundaries (Fig. 9b). Such a structure without any
signs of plactic deformation is characteristic of the whole specimen, including the working
part (the parts between the clamps duringstretching). Only in narrow parts (0.1-0.2 mm) near
the point of failure were there planar groups of dislocations with a very compllcated structure
resembling deformation microtwins (Fig. 10).

Therefore, we conclude that failure during mechanical tests after reactor irradiation
for OKh16N15M3B steel irradiated to a fluence of 1.4 x10?? neutrons/cm® at 450-500°C occurs
mainly in a tramscrystallite fashion with high straln localization.

1 ACTIVATION METHODS FOR DETERMINING THE CONTENT OF OXYGEN,
NITROGEN, AND FLUORINE IN NUCLEAR FUEL

V. V. Ovechkin, V. I. Melent'ev, B. D. Rogozkin, UDC 543.51/53-621.039.54
V. F. Kononov, and A. E. Khokhlov ‘

|
Information on the content of oxygen, nitrogen, and other elements in oxygen—-free

compounds of uranium and plutonium is necessary in order to standardize the chemical composi-
tion and treatment of fuel cores. In particular, a high content of oxygen in monocarbide
‘cores can lead to liberation of free carbon, accelerated carbonization, and premature break-
down of the fuel jacket. When preparing cores made of mixed (U +Pu) mononitride, it is very
important to eliminate both the formation of free metal and the appearance of excessive nitro-
gen, which lead to considerable degradation of the radiation properties of the fuel cores

and to embrittlement of the fuel jacket after irradiation, respectively.

The currently widely used methods of chemical analysis have some significant disad-
vantages and limitations. For this reason, it is advantageous to use nondestructive activa-
tion methods for determining the content of oxygen and nitrogen, as well as of fluorine, in
the cores and powders of nuclear fuel, which, as will be evident from what follows, do not
have the disadvantages indicated. These methods, which have been developed over the last
ten years, and are intended for use primarily in domestic equipment and apparatus, are being
successfully used to solve different problems, related with improvement of the technology
of obtaining nuclear fuel

Equipment and Apparatus. We activated the specimens with the help of a NG-150I neutron
generator with maximum neutron flux 2¢10'' sec™' (E =14 MeV). We monitored the neutron flux
with the help of monitor based on a semiconductor Si(Li) detector [1], calibrated according
to the activity induced in an aluminum specimen. To transport the specimens, we used a
pneumatic tube conveyor with a polyethylene pneumatic tube with an inner diameter of 12 mm.

We recorded the induced activity with 150 x 150 mm (well size 33 x 70 mm) scintillation
NaI(TI) detectors and two scintillation blocks based on the single crystal NaI(Tl) with di-
mensions 150 x 100 mm, entering into the composition of the SEG-2-16 spectrometric setup
("Angara'). To investigate the Yy spectra, we used a DGDK-50 Ge(Li) detector together with
a SES-2-03 type setup ("Langur") and a multichannel pulse-height analyzer. We controlled
all stages of the analysis according to fixed time regimes with the help of an automatic
control block.

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 153-157, September, 1983. Origi-
nal article submitted March 30, 1983. ‘
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Preparation of Specimens. We prepared specimens from oxygen free compounds of plutonium,
uranium, and their mixture from powders obtained by carbidization and nitriding of metals

and alloys in an atmosphere of propane and nitrogen, respectively, as well as carbidization
of uranium and plutonium oxides with carbon [2].

. We prepared control specimens with a diameter of 5-6 mm and a height of 4-13 mm with
a density of 80-96% of the theoretical value by pressing. To introduce a fixed amount of
oxygen, we added the computed amount of plutonium dioxide.

.- Determination of Oxygen Content. The neutron-activation method for determining the
oxygen content is based on the nuclear reaction *®0(n, p)*°N, occurring under the action of
‘fast neutrons (E, >10 MeV). The nuclide '°N with a comparatively short half-1ife (T1/2=7.3
sec) that forms has a high y-ray energy (Ey =6.13 MeV, yield 69%), which makes it possible
to develop an efficient and selective method of analysis. The application of this method
to analysis of fissioningsubstances (U—Pu) taking into account the interfering '8~ and vy
radiation of the fission products is validated in [3]. The possible noise from the competing
reaction *°F(n, @)'°N was also pointed out [4].

To attain the minimum limit for determining the oxygen content, we chose the optimum
conditions: the .energy region for recording the y radiation (5.3-7.4 MeV), time regimes
(tirr =30 sec, teool =3 sec, trec =30 sec) , admissible neutron flux density for a-given mass-of the
specimen, etc. For separate§pecimens of nuclear fuel, based on the uranium and plutoniumnuclides
the specific number of pulses per 1 gof each nuclide was measured under identical conditions for per-
forming the analysis. Relative to >°U, it constitutes 1.69 +0.08 for. 2®°U and 1.16 +0.06 for
239py, which ‘agrees .satisfactorily with the computed results (1.6 and 1.18, respectively),
obtained taking into:account the fission cross sections [5, 6], yield of fission products
[7], -and quantum yields of y radiation [8].

During the analysis, we used two ?3°U specimens with -an oxygen content of Cc10.001%

‘(oxygen-free) and Ccs =0.5 % as the control 'specimens. We determined the oxygen concentra-
tion in-the specimens studied (index "S") from the equation

f
o ng —KneCs
Cs =Cgs

‘Here -the symbols have the following meaning: ¢ indicates the control oxygen-free specimens;

cs indicates the control specimens with an oxygen content of 0.5%; O indicates oxygen; f
indicates a fissioning substance; "5'" indicates 2?®U; "8" indicates 2°%®U; "9" indicates
23°Pu; K=1.69 C3+C2+1.16 C2 is the ratio of the number of pulses from a specimen of mixed
fuel to the number of pulses from a specimen of ??°U with the same value of the product M (&
is .the indication of the neutron monitor, M is the mass of the specimen) in the chosen
energy range for recording the induced activity; n = (N — Ng)/M® is the reduced number of
pulses; Np is the number of pulses from the specimen; N, is the background number of pulses
from an empty irradiated container; C° and Cf are the concentrations of the oxygen and fis-
sioning element in the specimen, respectively.

We estimated the limit' for determining oxygen using Eq. (2), obtained based on recom-
mendations in [9]:

164 1/ Npcf,
nOM,

where n° = (n.g — KngCcsg) %E is the number of pulses from 1 g of oxygen.

cs
In recording the activity of *°N with two 150 x 100 mm NaI(TI) scintillation detectors,

n=1.14210"%%; when using a 150 x150 mm detector with a well, n =4¢10"2%. The relative
mean-square deviation for determining the oxygen content is ~0.7% and in a specimen with
mass v ig constitutes 9%. The results of the analysis of the content of oxygen impurities
in the fuel using the neutron activation method agree with data obtained by other methods
(for example, chemical).

We shall examine the characteristics of the high-accuray determination of the oxygen

content in the oxidized (U +Pu) fuel with the composition MeOy [10]. To decrease the error

in determining the oxygen ratio x =2, related with the fluctuation of the neutron flux while
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irradiating the specimen, we surrounded the specimen by an oxygen-containing "observer."
Before recording, we separated the "observer'" from the specimen and then we recorded the
activity of the specimen and of the '"observer" using separate NaI(Tl) detectors with a well.
If we denote the atomic masses of oxygen and of the fissioningsubstance by A, and Af, then
for Af/Ao »>x R 2 we can obtain the following expression from Eq. (1):

n,=az+b, (3)

where

)
. a:(Ao/Af)—Z—Jm—; bxn,.

Therefore, with the help of the calibration dependence ny T £(x), it 1is possible to
determine the oxygen ratio x from the results of measurements on irradiated control specimens
and the specimens being analyzed.

For each specimen, we performed a series of 6-7 irradiations and measurements using the
following scheme: 20 sec for irradiation, 3 sec for transportation and holding, and 20 sec
for recording. For three of the specimens (mixed oxide fuel, U0, and uranium with an oxygen-
containing substance), we determined the relative mean-square deviation according to 12-14
parallel series and, in addition, the intervals between the two successive series constituted
not less than 6 min, so that over this time the activity from the preceding series decreased
considerably and did not affect the results of the subsequent measurements. The values v
obtained § =+ (0.8-1.2) % made it possible to obtain errors of +1% with five parallel deter-
minations of x for the same specimen over a time ~ 1h. It was established that in the mixed
oxide fuel, the fluorine content, which does not make an appreciable contribution to the error
in determining the factor x, is less than 3¢10~% Zand is determined comparatively easily by \
the (a, py)-reaction method. Satisfactory agreement was obtained between the results of the
neutron-activation determination x in fuel specimens and results of independent methods of
analysis. : _ ‘

We note that in analyzing batches of fuel cores, the real time of the analysis for a
single core can be decreased 3-4-fold by alternate and repeated irradiations and measure-
ments on 5-6 specimens. In this case, the total error in determining x for identical fuel
cores, proportional to (n)_l/z, can also be decreased.

Determination of the Nitrogen and Fluorine Content. The neutron-activation method for
determining the nitrogen content in uranium is based on using the nuclear reaction '“N(n,-
2n) *®N, which occurs when specimens are irradiated with neutron energies v 14MeV. We record-
ed the subsequent annihilation radiation (EY 511 keV) with a single Ge(Li) detector or two
NaI(Tl) detectors, connected in a fast-slow coincidence circuit. The choice of such a system
for recording the activity of the positron emitter °N (T1/2 =9.96 min, Eg+=1.19 MeV) guaran-
tees an effective decrease in the influence of y radiation of the fission products forming
in the specimen under the action of the neutrons. Thus, more than 20 peaks were recorded
in the energy range 0.3-1.0 MeV. Analysis of the decay curves for the region of the 511-keV
peak permitted separating half-lives of 17 and 4 min. The dependence of the ratio of the
areas of peaks at 511 and 590 keV on the mass of the uranium specimens (0.778, 1.23, 2.58,
and 4.43 g) was measured. It was established that v 30%of the area of the peak at 511 keV
is due to the interaction of high-energy y radiation from the fission products with the
uranium matrix, leading to the formation of posittrons and annihilation radiation. The remain-
ing part of this peak is apparently formed by y radiation from the fission products.

There are elements whose nuclides after irradiation with 14-MeV neutrons become, just
as '°N, positron emitters with comparable half-lives and can create interferences in determin-
ing small concentrations of nitrogen. The content of elements in fuel cores with large neutron
capture cross sections is strictly limited, so that Sm, Se and the halogens (Cl, Br), whose
residual content must be very small, can be neglected. Most of the other product inhibiting
the reaction, aside from annihilation radiation, also emit yradiation, the use of which it is
possible to take into account correctly the corrections in determining nitrogen. It is also
necessary to introduce corrections to the real content of the impurities Cu, Zn, and other
elements with a large cross section for the reaction (n, 2n).
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As in determining the oxygen content, to transport the specimens, we used 11 x 30 mm
stainless steel transport containers, into which we placed polyethylene ampuls containing
the specimens, extracted after irradiation, for the measurements. To eliminate the correc-
tions related with the large self-absorption of the annihilation radiation in uranium, we

mensions and masses. As a result of the investigations performed with the semiconductor
Ge(Li) detector, the following regime for the analysis turned out to be the optimum regime:
5-min irradiatipn, holding for 1 min, 1.5 min for recording, 20 sec for recording the data,

and 10 sec for holding. The time between two successive measurements of the spectra was

2 min.

Measurements on.two NaI(Tl) detectors, connected into the fast-slow coincidence circuit |
(resolution time 2130 nsec) with two angles of the relative position of the irradiated ‘
specimen (6 =180° and 90°) confirmed the conclusion that y emission of the fission products
makes a significant contribution in the energy range ~ 511keV. Optimum conditions for the
analysis were chosen: specimen-detector distance Ryt =200 mm and specimen mass 1-1.5 g
including the actual neutron flux density in the specimen (6¢10® cm™?esec™'). The computed
dependences of the limit of determination of nitrogen for different time regimes were obtaned
on a computer. Thus, for tjyy =5 min, tcool =1 min, and tp =20 min, these limits turned out
to equal ﬂ/SflO'zand " 7¢107% % using a coincidence circuit with two NaI(T1l) 150 x 100 mm
detectors and a single Ge(Li) detector (sensitive volume -v 50 cm®).

There is some reserve in decreasing the limit of determination of the elements indicated
due to the increase in the neutron flux density and the irradiation time (to 20-30 min). The
results of the calculations were confirmed by direct measurements on the control specimens.
For a neutron flux density of ~ 10® cm~2esec™' and a mass of the uranium specimen of 5 g, the
limit of determination was 3.5¢10-2 %. For 11 parallel determinations, the following values
of the mean-square deviation were obtained: 117 with a nitrogen content of Cy=2.5%; 6.5%
with Cy=3.23% and, 5.4% with Cy=4.2Z. The improvement in accuracy (by 30-40%) is achieved
by using the method of monitoring the neutron flux density according to the number of pulses
from the irradiated specimen in the additional regions of the y spectrum. Thus, for example,
in the scintillation variant, the region Vv 1.2MeV was chosen for this purpose. For the Ge(Li)
detector, we used the y energy peak at 590 keV (93Sr). The results of determining nitrogen
in several uranium specimens agree satisfactorily with data on the amount of nitrogen intro-
duced. We note that with a high content of nitrogen, the use of semiconductor Ge(Li)detectors,
due to the relative simplicity of the recording system, is preferable to the scintillation
variant.

In the nuclear-physical method of determining light elements (nitrogen, fluorine), in
mixed fuel (U +Pu) used above, the a emission of Pu, capable of inducing different nuclear
reactions with emission of y quanta, is used. Compared with the analysis of plutonium [11],
the application of such a method to the analysis of a mixed fuel [12] has two peculiarities:
possible presence of additional « emitters in highly enriched 233y, for example, *??U and
its fission products, and somewhat lower yield of reactions per unit mass of mixed fuel.

For this reason, for the control specimens, it is necessary to use specimens with an identical
composition of a emitters in the nuclear fuel or to introduce corrections for differences in
the composition.

We measured the nitrogen content with the help of a Ge(Li) detector relative to the areas
of the y peaks at energies 0.871 and 0.756-0.770 MeV (?*3°Pu); the time required to measure
a single spectrum was 30 min. We compared the values obtained with the calibration curve
and determined the content Cy. The relative mean-square deviation, determined for 20 parallel
measurements, constituted from 10 to 7% for a nitrogen content of 3.5-7.5%. Comparison of
the results of the analysis of 15 specimens of fuel with mass 0.43-3.843 g and a nitrogen
content of 1.79-7.50% by mass gave good agreement with the results obtained by Kjeldahl's
method. The limit of determination of nitrogen, calculated from the results of measurements
on the control specimen over a time of 60 min, constituted n~A5¢10-2%; when the mass of the i
specimen was increased to 5 g and the measurement time was increased to 4 h, n decreased to
nv 1010727,

The fluorine reaction induced by the « particles from Pu is accompanied by the emission
of high-energy v radiation with energies of 1.275 and 2.082 MeV [13], which can be used to de-
termine the fluorine content in plutonium and in the mixed fuel. In particular, in recording
v radiation with energy 2.082 MeV with the help of a Nal(Tl) detector with dimensions 150 %150
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mm with a well, in which the Pu specimen is placed, surrounded by a lead shield with a thick-
ness of 3 mm, the limit of determination is 6¢107°%, which scaled to the mixed fuel 3¢1073Y%
(specimen mass is 5 g, time for the measurements is 2 h).

Conclusions. As is evident from the material presented, activation methods of analysis
of mixed (U +Pu) fuel are quite rapid and provide the possibility of determining the content
of oxygen,nitrogen, and fluorine in them in quantities varying from several units x 10~2%,
which is entirely acceptable for solving many technical problems. These methods are nonde-
structive. Therefore, in analyzing the fissioning materials, problems related with the
possible contamination of the surrounding medium do not arise; in addition, valuable materials
and parts are saved for further use.

However, the use of activation methods is complicated by some difficulties, related
with the operatlon and technlcal servicing of the complex equipment, in particular, theneutron
generator. . :
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RADTATION DIMENSTIONAL STABILITY OF GRAPHITE WITH AN UNCALCINED
COKE-FILLER

T. P. Kalyagina »

UDC 621.039.532.21
and Yu. S. Virgil'ev . :

Graphlte based on uncalcined ‘petroleum- .coke is one of the strongest carbon materials,
obtained by the traditional electrode technology. The use:of this coke facilitates the
formation of a monolithic structute without distinct boundaries between the grains of the -

coke-filler and the coke binder, thus affectlng the dimensional stablllty of a product made
from such graphite [1].

Durlng radiation testing domestic coarse- grained graphlte based on uncalcined’ petroleum
coke with a pitch=binder was observed to behave in a 51gn1f1cant1y different- way under irradia-
tion than do graphites with a calcined coke-filler. At an irradidtion temperature of 900-
1220°K and a neutron fluence of up to 0.8¢10%* neutrons/cm®  the specimens were mnot. observed-
to shrink and the isotropic growth of size at a neutron fluence of v1.3¢10%% neutrons/cm® did
not exceed: 1% [2]. :

*Here and henceforth fluence is given for neutrons w1th E>O0. 18 MeV.

TABLE. ..

Properties of Materials Inves-
tigated
' | Reactor ’ -
" Characteristic | graphite CGG FGG
Density, tons/ m® 1 1
| volume . 1,65—1,75'{ 1,86—1,90 | .1,89—1,92
- pycuometric _
x-ray ]2,148-2,19 -2,21--2,22 | 2,10—-2,12 |
] 2,254 2,25 72,260 |
Lattice’ param- :
eters ., 107" nm
e 6 T42 6,742 6,760.
 a 2,461 2,461 © 2,466
Axial dimensions : -
of CSR, nm _
[ ) 14 14 - 13-
a 85 85 57
Degree of graphi- -
_ tizadone- © 0,80 0,80 0,70 -
Degree-of tex-~ .
- urization t - 1,60 1,10 1,20 °
Thermal expans .
- sion coeff,, K~ i . -
_ 2,5—4,0 | 5,9-6,1 | 7,1-7,2
Tens11e strength 3,4—4,6 6,0—6,2 | 6,0—6,2
MPa - »
§°$?’e’““°n 30—40 7090 | 100—120-
. bending 713 28—33 47—52

*Calculated from the lattic parametersof

[5].

+From the data of x-ray ana1y51s

fIn the range 300-400°K for directions
parallel (numerator) and perpendicular
(denominator) to the axis of formation.

Translated from Atomnaya flnergiyav, Vol. 55, No. 3, pp. 157-159, September, 1983, Origi-

nal article submitted May 4, 1982.
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"Fig. 1. Relative changes in the length of
specimens of reactor graphite (1), CGG graphite
(2), and FGG graphite (3), cut parallel and
perpendicular to the axis .of formation, as a
function of the neutron fluence at an irradia-
tion temperature of 320-340 (a) 720 (b), and

',1120 1220°K (c).

TABLE 2 Influence of Irradiation at Dif-
ferent Temperatures and a Fluence of (0.6-
0.8)*10%? neutrons/cm® on a Change in the
Size of Graphite Specimens

Rgl. change in vo%/ume
Densi after irradiation, %
Graphite _ ens;ty; *
tons/m 720 K l1120-12201<
Reactor 1,65—1,72| —3,20 |. —0,90
CGG 1,86—1,90 —0,45 --0,30
FGG 1,90—1,92 +-0,60 ) +1,ZQ

Continuing this work, we investigated the radiation dimensional stability of fine-
grained graphite (FGG) and coarse-grained graphite (CGG), obtained on the basis of uncalcined
petroleum coke as well as reactor graphite. In preparing the CGG specimens we preserved
the granulometrlc composition of the filler and the parameters of the technological operations
for the production of reactor graphite. The difference consisted only in a slight increase '
in the amount of coal pitch (to 24 mass %) [3]. The final treatment temperature was 2700-
2800°K. The main difference in the technology for the preparation of the fine-grained graphite
is that the coke-filler is ground in a vibrating mill to a grain size of less than 150 ym, the
binder being 37-40 mass % coal ptich [4]. The temperature at which the FGG specimens were
treated was 2700-3100°K. Comparison of the properties of reactor graphite and CGG (Table 1)
shows that when this technology is used it is possible to obtain materials with the same
degree of perfection of the crystal structure, as indicated by the close values of the degree
of graphitization, lattice periods, and dimensions of the coherent scattering region (CSR).

The main difference between them is in the anisotropy coefficients of the properties and the
density. The density of CGG is higher than that of reactor graphite, owing to the difference
in porosity. The level of the total, open, and closed porosity for pycnometric liquids is
observed to be much lower in CGG graphite. The degree of anisotropy of the thermal expansion
is 1.1-1.4 for reactor graphite, does not exceed 1.16-1.21 for FGG, and is close to unity
(1.02-1.04) for CGG. 1In the case of fine-grained materials the degree of graphitization is
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TABLE 3. Relative Changes in Dimensions (AlZ/7) and Volume (AV/V) of the Specimens

and the Anisotropy of the Deformation (Ay) after Irradiation at 720 and 1120-1220°K
to a Fluence of 1.3¢10** neutrons/cm®, %

Densit 720 K 11201220 K
. Deunsity, Anisotropy
Graphite - ;
raphite tons/m® | of TEGH AljL* AV/V Ayt LY Av/vV Ay
—2,60 ' —1,20
R to . . — ) _ e _ i
eactor 1,65—1,72 | 1,10 71_,40 0.5 3,SQ 2,15 T0.20 0,40 1,60
KPG ’ _ Y 0,60 | 1,00 ]
| - | 1,86—1,90 | 1,021,04 550 1,80 | o0 T 3,00 o
! : : 1,00 _ : 0,70 1
'MPG  1,90—-‘1,92 1,16—1,24 0.0 | 1‘,1.;0 _ '0?80 ! a0 1,90 | 07,30 _

#The numerator is for the direction parallel to the axis of formaion and the denom-
inator is for the direction perpendicular to the axis. '
+The anisotropy of the deformation is the absolute value of the algebraic difference

of the changes in the léngths of the specimens in the parallel and.perpendicular
directions. o

lowexr than in reactor graphite (see Table 1), which is due to the long mechanochemical action
during grinding and mixing .as well .as the high content of pitch binder.  The use of only a
fine filler fraction (90 mass % of the particles had :a size of less than 90 ym) and an increas—
ed: content of binder lead to a significant difference in the porosity of these materials.

‘Materials of the FGG type have finer pores, no larger than 5 um {5]. At the same time, in
coarse-grained CGG graphites pores with a diameter of 5-55 pmoccupy 23% of -the volume.

It is known that when the degree of perfection of the crystal structure is reduced the

.shrinkage increases with a subsequent acceleration of secondary growth at a high level of
irradiation while a decrease in the volume of the pores is accompanied by an accommodation .

" process which leads to a reduction in the radiation shrinkage and an increase in the dimen-
sional changes in the secondary-growth region. Since the total effect depends on the rela-
tive contribution of changes in these characteristics of the structure, radiation changes
in the dimensions of graphites can be determined only experimentally. For this purpose
specimens of the materials mentioned above were irradiated at 320-340, 720, 1120-1220, and
1220-1270°K. At the low temperature (320-340°K) the relative changes in the dimensions of
FGG and CGG graphite based on uncalcined coke are large than in the case of reactor graphite.
The latter moreover has an appreciably growth anisotropy (see Fig. la). The graphites being
compared are characterized in this case by an interrelation between the growth of dimensions
and the thermal expansion coefficient (TEC) since_uﬁder low-temperature irradiation no dif-
ference appears -in the degree of perfection of the crystal structure [6].

Irradiation at 720°K to a fluence of (0.6~0.8)¢10%? neutrons/cm® led to a considerable
shrinkage of the reactor graphite specimens while the shrinkage was insignificant in the
case of . CGG graphite and no shrinkage at all occurred in FGG (see Fig. 1b). This range of
" fluence values is characterized by a decrease in the volume shrinkage with the growth of
the density of the materials. As the neutron fluence increases the shrinkage is reduced by
"swelling" (Table 2).

‘Raising the irradiation temperature accelerates the transition to volume swelling of the
material. After irradiation at 720°K to a fluence of 1.3+10?? neutrons/cm® the specimens
of reactor graphite .do shrink, but at a slower rate (Table 3). The anisotropy of the defor-
mation in this case remained proportional to the anisotropy of the thermal expansion coef-
ficients of the graphite, measured after irradiation. ’ )

At an irradiation temperature of 1120-~1220°K the anisotropy of the deformation intensified
in the reactor graphite since for the perpendicular direction the shrinkage was reduced by
swelling while for the parallel direction the shrinkage rate dropped to zero at a fluence
above 1022 neutrons/cm®. For graphites based on uncalcined petroleum pitch we observe swell-
ing, the rate of this swelling being lower for FGG specimens (see Fig. lc). The deformation
anisotropy in this case remained proportional to the anisotropy of the properties of the
material and as the density of the graphite increased the volume shrinkage was replaced by
swelling. When the FGG grains were ground, however, the swelling was less than for the
coarse—grained CGG (see Table 3).
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It is thus clear that at a low neutron fluence a reduced degree of graphitization of
FGG showed no influence at a low neutron fluence since the material did not shrink during
the initial period of irradiation. After prolonged irradiation the characteristics of the
crystal lattice of reactor graphite and CGG and FGG graphites are similar. Thus, for 1220°K
and a fluence of 2¢10%? neutrons/cm® the lattice parameters are 0.6770 +0.03 nm and 0.245 *
0.05 nm while the dimensions of the crystallites along the c and a axes are 7-8 and 25-30 mm,
respectively. It can be assumed that defects of the type of aggregations of knock-on atoms
and vacancies, which are formed after prolonged, low-temperature irradiation are commensurate
in size with the crystallite size. The comparatively close values of the coherent scattering
regions (CSR) of reactor graphite and FGG graphite create similar conditions for the nuclea-
tion of aggregations of defects in their structure. Thus, the difference in the behavior of
the graphites compared here is due to the anisotropy and porosity of the material. 1In this
‘ case the main porosity, which accommodates the growth of crystals along the ¢ axis at a low
level of irradiation [(2-4)e10%? neutron/cm?] is the porosity inherent to the aggregations
of crystallites. Materials with uncalcined coke-filler are characterized by the presence
of pore- -cracks which have an extension of up to several microns and a width of about 250 A
(1 A=10"7° m) and are separated by a distance of ~ 0.5um [7]. In graphites based on un-
calcined coke the volume of such pores is smaller than in reactor graphite and the predominant
type is that of round pores with a diameter of 0.1-1 pm, which compensate the radiation
- changes in size less effectively. The dimensional stability of the fine-grained graphite
FGG at a high neutron fluence is apparently due to its high strength, which is éapable of
reducing secondary swelling [8]. '

" LITERATURE CITED

1. G. Engle, Carbon, 9, 539 (1971).

2. I. P. Kalyagina et al., At. Energ., 36, No. 3, 212 (1974).

3. Yu. S. Virgil'ev et al., Khim. Tverd. Topliva, 1, 108 (1978).

4. A. N. Deev and Yu. S. Virgil'ev, Khim. Tverd. Topliva, 6, 145 (1974). :

5. Properties of Carbon- Based Structural Materials (Handbook) [in Russian], Metallurgiya,
Moscow (1975).

6. V. V. Goncharov et al., Effectof Radiation on Nuclear-Reactor Graphite [in Russian],
Atomizdat, Moscow (1978). - '

7. P. A. Platonov et al., At. Energ., 46, No. 4, 248 (1979)

8. 'A. Pitner, Carbon, 9, 637 (1971)

591

Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000300030002-7




Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000300030002-7

METHOD OF CALCULATING THE OPTIMAL NUMBER OF MONITORING

POINTS FOR THE LOCAL AND GLOBAL RADIACTIVE CONTAMINATION
- OF THE ENVIRONMENT

K. P. Makhno'ko UDC.621.039

Radiational monitoring of the contamination of environmental objects in the vicinity
of active atomic power plants is performed by selecting samples at points located around

the plant in a radius of up to 12 15 km. 1In addition, the dose rate of y radiation in the'
vicinity is .also observed. ' - '

If in the normal operatlon of the plant the dlspers1on of the results of oberving the
radiocactive contaminationof objects in the local enviromment is known in advance, then the

' number of points at which samples must be taken may be calculated by specifying the required

accuracy of finding the mean value of the contamination, or also the points may be optimally
redistributed [1, 2]. The number of points or the observatlon frequency may be limited using
sampling by the Latin- quadrature system [3]. However, the monitoring system must take o
account of the possibility of accidental release of radionuclides into the environment, while

the probability of observing the consequence of such a release must be suff1c1ently hlgh
which these methods do not permit.

It is. obv10us that, as the: number of monltorlng points-n is increased, the results ob-
tained improve, but increase in. the number of points also increases the cost of the monitor-
ing network, and so n cannot be increased indefinitely. The optimum number of monitoring
points is calculated using the function F(n) '

- F(n)=P (n)/N (n), : : N ¢
Pla)
0,8 1+

23
g4
42

g

2
5
10°

z r . - )

Fig. 1. Relation between the proba-

5 bility P(n) of observing the contami-
10} nated zone in the vicinity of an atomic
'2 power plant, the number of monitoring

; points n, and the cost ratio for a

k2 single monitoring point and the "con-
107" trol center" b/a with independent (1)

2 and successive dependent (2) choice
. of points and with contribution of the
J search region.to a single quadrant.
b/a

, Translated’frmnAtomnayé ﬁnergiya{Vol. 55, No. 3, pp. 160-164, September, 1983. Original
article submitted September 20, 1982.
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~Fig. 2. Relation between the representativeness R of
the observation data on the radiocactivity field, the
number n of observation points, and the cost ratio for
‘one.point and the observation center b/a: 1) concentra-
tion of B activity in air (USSR): 2) y-ray dose rate

in a radius of 25 km from the atomic power plant; 3, 7)
'37Cs concentration in the North Sea and the Pacific
Ocean; 4, 6) °°Sr concentration in the Baltic Sea and
the Atlantic Ocean; 5) precipitation of B activity from
the atmosphere (USSR) :

where P(n) is the probability of recordlng the release; N(n) is the cost of the monitoring
system. -

Suppose that Sy is the region of action of a 31ngle monitoring point determlned by the
sensitivity of the detector in measuring the y-ray dose or by the extent to which the given
sample is representative; S, is the monitoring region in the vicinity of the atomic power
plant, the boundaries of which are determined by the sensitivity of the monitoring methods
employed. The probability of recording the radiocactive release P(n) increases withand increase
in the number of points n until the whole of the area So is overlapped by the areas Sy, i.e.,
with increase in n, the numerator in Eq. (1) reaches saturation. The cost N{(n) of the monitot
ing system increases indefinitely with increase in n, and hence it follows that F(n) has a
- maximum corresponding to the optimal number of monitoring points no, which may be found by
setting dF/dn =0. An additional condition is the need for sufficiently high probability of
recording the radioactive release.

Equation (1) is general in character, and the form of the functions P(n) and F(n) may
be different in different conditions. Some typical cases are considered. Note, as a prelim-
inary, that if the network of monitoring points is regular in character (for example, the
points are at the nodes of a grid with a constant step), the step decreases with increase
in n, while the probablllty P(n) reaches a value P(n) =1 at which the dimensions of the
monitored region Sy or the contamination region S¢ overlap the dimensions of the grid cell.
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TABLE 1. Monitoring Radius r, Optimal
Number of Observation Points ne, and Ratio
of the Cost Elements b/a in Observing
Radioactivity Fields at R =70-80%

s Radioactiv- ‘ 3

Reglon 1ty ﬁeld 1‘.' km ny bfa, 10
Within a Do%e rate’ 3 80—110 6-14
radius of 25 -

m from the radlauon
tom;‘?piant Radioac- y

b + tvity in 0 70—95 716

USSR air v 35 .

: Radmac- : .
USSR tive pre- 175 300—400 | 2—4
- cipita- .
1 tions
'Baldc - :

-Sea sogrinwater 25 260—360 | 2—5
Nerth 1197Csin water |~ 50 §0—120 | 6—13
."Sea 3 i
Adantic  |sogripwater | 200 | 900-—1200 |0,6—1,2

Ocean : .

Pacific  |wcsinwater-| 250 | 1100—1500 |0,5—1,0

Ocean .

- In practice, however, the principle of grid regularity cannot be satisfied, since the posi-
tion of the monitoring points depends on the presence of roads, populated centers, and other
features of the specific locality. The regions Sy corresponding to the individual points may
even overlap in regions of intense monitoring. Therefore, the network of monitoring points
in the locality usually appears as if the points are pos1t10ned randomly. This will be taken
into account in the subsequent dlSCUSSlOnS and the form of the functlon P(n) w1ll be deter-
mined.

Independent Choice of ‘Points

Assume that,.as a result of the atmospheric release of radionuclides in the locality,
a contaminted region of area Sc is formed.. The probability of observation of this region
"P(n) by taking n samples of soil or vegetatlon in regions S, is found, if the samples are
analyzed in the laboratory, i.e., the results of analyzing individual samples are unknown in’
advance and have no influence on the selection of sampling points. The probability of ob-
~ servation of the contaminated region in selecting a single random sample p —SC/SO. According
“to the Bermoulli scheme for successive independent measurements {41, the probablllty of ob-
serv1ng radlonuclldes in at least one sample is

R @

If the radloactlve cloud of a single release covers the monitoring points in region So
randomly, the probablllty that it covers at least one. p01nt 1s also expressed by Eq. (2)

Dependent Choice of Points

1f the samples selected are. analyzed 1mmed1ately in situ (orx the den31ty of radioactive
contamination of locality is measured in the field) and the results of.the measurements in-
fluence the selection of the subsequent monitoring points, the probability of not observing
the contaminated region with measurements at a single point is q; = (1 — S¢/So) =(1 — p). '
Let Sc/So =py, the relative dimension of the region over which measurements at its center
may extend. Then the' probability of not observing the contaminated region in successive.
dependent measurements-at two points is

=t-n(1- )

Pm

. G = a- Sc/So) (

and with measurements at i points
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Thus, with successive dependent tests, the probability of observing the radionuclides
in a single sample may be written. in the form '

n

P‘”)f1_n(1_fﬁiTﬁd)' N o ®

i=1

In derlvlng Eq. (3), it has been assumed that SM «S¢. If this is not. the case, then
the numerator inthe expression p =S¢/So must be increased, expanding the boundary of the
region S¢ by the radius r of a circle.of area SM. In the particular case when the form of
the region 5S¢ may be approximated by an ellipse with a semiaxis ratio a/B = k, the new value
of the probability of observing the radloactlve release, taking account of the area SM"ﬂr
is given by the formula : »

M=P+MA? g%ﬁ%'  : _ 4

and hence it follows that p' A p' with a relative error

b (5 (445 o

For example, p' % p with an error of 10% if rs;7.4-10‘2B with the typical value k =3.

The form of the function N(n) in Eq. (1) is now determined. The requirements of the
monitoring system are composed of the cost of the equipment and operation of the individual
monitoring points and the cost of the centralized system of laboratory analysis, information
processing, control of the monitoring, etc., called the "control center,'" for the sake of.
brevity. 1In the first,approximation, it may be assumed that the cost of such a center does
not depend greatly on the number of monitoring points, and is given by the constant aq. The
cost of the network of monitoring points, conversely, is directly proportional to the number
of points n. If b is the cost of a single point, then N=a +bn. Substituting this expression
into Eq. (1) yields

' 1 P v ‘
.F(n)zgmy (6)

. where P(n) is.-determined by Eq. (2) or Eq. (3);

- The optimal number of monitoring points ne is found by equating to zero the derivative
of Eq. (6) with respect to n. For independent tests, using Eq. (2), it is found that

e (—pm—1 :
T U mid—p : : ™

and hence it is evident that the optimal number of monitoring points depends on b/gq. Since
the probability of detecting the consequences of the radioactive release must by sufficiently
high, it is necessary to make a preliminary selection of the required value of P(n) in Eq.
(2) in designing the monitoring system, to determine n, and then substitute this into Eq.

(7) so as to find the b/a at which n =n,.

The relation between the parameters of the optimal monitoring network in the vicinity
of an atomic power plant is shown in Fig. 1. In the upper part of Fig. 1, the probability
of detecting the contaminated region at a radius of 12 km from the plant, as calculated from
Egqs. (2) and (3), is shown as a function of the number of points at which samples are taken
or control measurements are made. It is assumed here that a single release of radionuclides
occurs with weakly unstable atmospheric stratification, when the scattering of the radioactive
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cloud occurs, approximately in a sector of 14° [5], which corresponds to S¢=17.6 km®. The
radius of the region over which measurements at the center may extend is 1 km. Curves 1 and
2 are calculated under the assumption that the search for the contaminated region is under-
taken in all directions from the power plant. With a small number of monitoring points n,
curves 1 and 2 are little different, but they begin to diverge with increase in n. The
number of points required for a 90% probability of observing the contaminated region is

n, =58 (curve 1) or ny =48 (curve 2); with P(n) =99%, n; =118 or n; =90, i.e., knowing the
results of the preceding measurements allows the number of points to be reduced by n;/n.=&1.5
times. The required number of monitoring points depends strongly on the presence of mete~-
orological information, allowing the region of search for the contaminated region S, to be
reduced: This is illustrated in curve 3, which is calculated for the case when information
on the direction, other conditions being equal, allows the region of search to be confined
to a 90° sector. It is evident that, when P(n) =99%, the number of points is reduced more
than fivefold. ' ‘ o

In the lower part of Fig. 1, the relation between the number of monitoring points and
‘the cost ratio at the individual monitoring elements at which this number becomes optimal
is shown. It is evident that passing from independent selection of the monitoring points
to dependent selection decreases the optimal number of monitoring points only when b/a <10~2.
Then "additional meteorological information allowing the region of search for the contaminated

area tobe reduced to 90° sector reduces the optimal number of monitoring points at all values
of b/a. ' : .

The dashed lines represent an example of the use of these curves. Specifying the proba-
bility of observing the radioactive release P(n) =95% in the case when the quadrant in which
it may be found is known, a line is drawn parallel to the axis On until it intersects with
curve 3. Dropping a perpendicular from here to the axis On, the necessary number of monitor-
ing points is found: n =18. This straight line is extended until it intersects curve 3 in
the lower part of Fig. 1. Dropping a perpendicular from here to the vertical exis, the value
b/ax~10-? at which this network will be optimal is found.

In a series of releases or a sufficiently prolonged release, the case in which the radio-
active cloud covers the whole region S, is possible. There then arises the problem of estimat-
ing how representative the data on the contamination of region S, obtained from measurements
at n points in the locality are. 1If S is the area overlapped by n monitoring points, the
degree to which this monitoring is representative may be characterized as R=8/S,. Then the
increment dS in the area covered by: the monitoring points is proportional to the increment
in the number of monitoring points dn, the area covered by a single monitoring point Sy, and
the normalized number of vacant events 1 — R:

dS=(1—R)S_ dn. , (8)
. M

Passing from dS to dR, and using the initial condition R =0 when n=0, it is found that

R;—i—exp(—%—l‘:—’ln) . %)

Equation (9) may be used for calculations of the optimal number of measurement points
in observations for any field of radicactivity. For example, with normal operation of the
atomic power plant, the configuration of the area S, corresponds to the wind pattern, and
the dimensions of the area are determined by the sensitivity of the monitoring instruments
and the extent of the radioactive release. In observations of the levels of global back-
ground radioactivity of the atmosphere using surface monitoring instruments or of the global
contamination of the soil—vegetation covering, S, is the land area which is monitored; in
measuring the radioactivity of surface water or the bottom deposits of water bodies, So 1is
the area of the corresponding water body; in monitoring the quality of the harvest, So is '
the area of the agricultural fields. The optimum number of monitoring points, as before,
is determined from the condition of a maximum of the function in Eq. (6), where P(n) is
replaced by R, which leads, on taking account of Eq. (9), to the expression

. —‘,}=;f—i/1[exp (B0 — 11— 1y (10)
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The optimal number of monitoring points for the y-ray dose rate in the vicinity of an
atomic power plant may be estimated. using Eqs. (9) and (10). For practical purposes, it is’
sufficient to have information that is representative to adegree R =70-807. Dosimeters are
usually used for monitoring over a radius of 25 km from the plant. Assuming that the radius
of the area which may be assigned to a single dosimeter reading is 3 km, it follows from Eq.
(9) that n~100. This number of monitoring points will be optimal if, in accordance with Eq.
(10), the cost of a single point is 10 times less than the cost of a "monitoring center.”

To estimate the optimal number of points of the observation network for fields of radio-
activity of global origin, it is assumed that the distance between two adjacent points should
not exceed the value r, at which the given characteristics of the radioactivity field are
still mutually correlated. The correlation radius ro, is defined as the distance at which
the normalized correlation function decreases by a factor e [6]. Then the radius of region
Sy in Eq. (9), r=ro/2. : '

The results of measuring the chemical composition of the monthly atmospheric precipita-
tions in the USSR [7] permit the determination of the correlation radius ro =350 km, which
may be converted to the results of observing the monthly radioactive precipitation in the
period when there are no "fresh' radioactive products in the atmosphere. In observations:
of the mean monthly concentration of radionuclides in the low-level atmosphere over the USA,
using filtering equipment, the correlation radius of the concentration values in a period
when there were no nuclear tests was 700 km [6]. This value may also be used for the USSR,
since the two countries lie in regions with similar conditions of atmospheric circulation. '
The mean correlation radii for measurements of the radionuclide concentration in the surface
water of seas and oceans estimated from the data of [8, 9] take following values: for the

Pacific and Atlantic. Oceans, 500 and 400 km; for the North (fall) and Baltic Seas, 100 and
50 km. . v

The change in the representativeness of data on the radioactivity field with increase
in the number of observation points is shown in the upper part of Fig. 2, and the relation
between the cost elements of the observation system at which this number of points becomes
- optimal is shown in the lower part.

In observations of the radioactivity fields of global origin, it is usually sufficient
if they are representative to a level R=70-80%. For this value of R, Table 1 gives estimates
of the optimal number of observation points no and the ratio b/a between the cost of a single
point and cost of a centralized system for analyzing the selected samples, processing and
generalization of the information, control of the observation system, 'and communications with
external structures (called the "observation center," for the sake of brevity). It follows
from Table 1 that increasing the number of observation points must be associated with de-
crease in the cost of each point in comparison with the observation center. For observations
of the mean monthly concentration of global radioactivity in the low-level atmosphere over
the USSR, there must be around 100 points; the cost of each point must be two orders of mag-
nitude less than the cost of the observation center. For observations of the monthly radio-
active precipitation in the territories of the USSR, several hundred points must be used,

and the cost of each must be approximately a quarter of that used in observing the concentra-
tion.

Although the area of the North Sea is 34% larger than that of the Baltic Sea, the great
variability of the radionuclide concentration field in the surface water of the Baltic sea
means that three times as many points are needed there as in the North Sea, for the same
representativeness of the observations. The variability of the concentration field in the
oceans is even smaller and therefore, for example, a hundred times fewer observation points
are needed in aunit areaof the Pacific Ocean than for the Baltic Sea.
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"SENSITIVITY OF THE DETERMINATION OF SOME ELEMENTS WITH Z<C42
_BY A DEUTERON ACTIVATIONAL METHOD IN A CYCLOTRON

'G. Vakilova, A. Vasidov, S. Mukhammedov, I . UDC 543.53
E. Pardaev, A. Rakhmanov, and Zh. Saidmuradov '

The wide use of light-ion accelerators in applied investigations, especially in the
development -of high-sensitivity nuclear-physics analytical methods, has led in recent years
to an urgent need to study the analytical parameters of activational methods of analysis
developed using various types of accelerated particles. Considerable work has been done,
for example, on estimating the sensitivity of one of the successfully developed methods —
proton activational energy [1-6], especially in connection with its use for determining the
content of intermediate and heavy elements in technological products [7-11] and objects -in
the environment [12, 13]. ' ' ’ : ‘

A very low concentration of light -elements may be determined using light-ion accelerators
[14~18], which is explained, in particular, by the sufficiently high activational cross sec-
tions of analytical reactions of type (d, n), (d,p), (d, @) even at small deuteron energies.
In [14, 15], the sensitivity of determining elements with Z<30 was estimated for deuteron
energies < 14MeV, in [19] for ~ 6MeV, and in [17, 18] for 3 MeV. The method is used to de-
termine the concentrations of B, C, N [18, 20, 21] and several intermediate elements [22, 23]
from short-lived radionuclides. The limited use of the .method is explained by the .poor study
of its physical problems and the lack of many of the nuclear-physics data necessary for the
development of specific analytical methods. A 5-6-MeV deuteron accelerator is usually re-
commended for analysis [24]. At higher energies, there occur reactions of type (d, 2n), in
which are formed nuclides, also suitable for analysis. '

In the present work, the possibility of using a cyclotron to determine the concentra-
tion of 24 elements with Z =42 from nuclear reactions at deuterons accelerated in the cyclotron
is considered in the case of radionuclides with a half-lifeT,/, >30 min. The experimental
method was outlined in [1]. The only differences are the long duration of target irradiation
(1~10 min) and the use solely of thick targets. The initial deuteron energy is v 12MeV.

Table 1 gives the main nuclear-physics characteristics of the reactions and radionuclides
and the values of the yields at a .deuteron energy of 4-12 MeV. The nuclide yield is

Y= — , Bk(pAh), (1)
“rad(

{—e “rad )
Mrad

where A is the activity, Bk; I, is the deuteron current, UA; tr,4 is the duration of irradia-
tion hj; A is the decay constant, h—!. The yield given in Table 1 for oxygen are obtained
from [25], and those for Mg, Na, Fe, Ni, Ge, As, Y, Zr, Mo are obtained by the method of
numerical integration of the excitation functions of the reaction given in [26-32], by the
formula

. ,
Y = 3.76.108 =1 Sc(x) dz, . (2)

_ Rn

Translated from Atomnayé ﬁnergiya, Vol. 55, No. 3, pp. 164-167, September, 1983. Origi-
nal article submitted September 21, 1982.
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TABLE 2. Sensitivity of Deuteron Activa~-
tional Analysis and Limits of Observation
of Elements with Z<42

Ele- | Radio- S,Bk/ pg-g" n pg/g
ment { nuclide
6 MeV'| 10 MeV | § MeV | {oMeV
Q0 | 18F 2,0 - 7,9 4 0, 0,15
Na | 2Na | %,2-102 1 8,8-102 8-10-2 3102
1 Mg 24Na 7,0 - 6,5 4,4 1,2
~+{ 22Na 0,1 0,3 2,4-102 | 80,0
Cl | 38Cl 4§ 4,7-40% | 1,5.10% 0,3 1..01
K { 2K | ‘3,9 5,5 5 | 46
Ca | #Sc 0,2 6,7- | 47,0 | 3,8
1 | %mGe 1,2-10-2] 6-10-% |.2,6-10* | 5,3.10%
Ti | v 0,3 -1 3,3 | 12,0 1,1 |
1v 5Cr 8,3 3,4 73,0 8,0 |
Cr - { *Mn 6,2-102 { 2,6.10% {2,5-46-%{ 6-:10-4
| Ga $5Ge — 25 | - 1,5
{ Ga - 24 133 0,16 0,03
41 Ge | 7lAs — 8,5 - 7,0
1As | 7As 40 160 0,12 0,03
-Se $2Br {7 — 1 18 — 0,1
Br - 82Br 1 4,0 34 1,0 0,4
Sr 87y 1734072 4. 0,9 {1,1-40% 4,0
] . srmy 7 50 g 015 0’1
1Y | 9my 1,5 42,5 1,4 5102
{ osze ] 2,7 ] 45 1.1 0,07
-95b 1 03 ~ 8.0
| ®2Mn — 1 1,65 — 2,0
Mn 56Mn - 4,5.102 | 7,6-102 2-10-2 11,4-10-2
Fe | 5Co 1 0,9 85 | 3,7 | 0,4
56Co — 0,2 — 15,0
Co { *% o 5103 5-10%2 {2,2-10%'] 2,2-102
Ni 81Cu - -45 1 315 0,5 1{7,6-10=2
Cu _83Zn — 7,9-102 —_ 5,6.10-2
67Zn — 18,5.10"2 — 2,1-10%°
64Cu 12,5 250 0,2 -10-2
Zn “Ga ~ ] 20 — 0,4
6Ga — 3,4 — 1.6
697n 1 1,7.16% { 8,7-102 — —
97Nb 1,5 15,0 2,0 0,2
Zr 0,2 3,7 14,0 0,66
9%Zr 1 2.10-2 0,36 — 12
' 9Nb 3,5-10-1 10 — 0,3 |
Mo 93T¢ 24 1,2.102 0,6 . 041
. 93mTe 6,5 85,0 0,6 5-10-2
MTc — ] & — 0,4
95T¢ — 1 8,5 C— 0,3
95 T¢ 0,7 | 23,5 3,3 1 0,4
98T — 0,4 6,4
99mTg 3,5 25,0 5,0 0,7

where ©, M are the abundance and mass number of the isotope, g; Ro, Ry are the deuteron paths
at the initial energy and at the threshold energy of the reaction, mg/cm®. For radionuclides
with t,/2 <2h, the saturation factor (1 —.e-Atrad) is also taken .into account; for all the
other radionuclides, Y is measured in the present work. As is evident from Table 1, the
radionuclide yields depend strongly on the deuteron energy. Therefore, it is important to
determine the energy accurately before the onset of analsyis, since a deviation of *1MeV may
lead to- an error of 50-100% in the absolute method. The radionuclide yields are in the range
1+10%~5¢10° Bk/uAsh.

The errors in measuring the radioactive-nuclide yield are due to the errors in measuring
the current (< 1%), the detector efficiency (v 9%),and the statistical error (v 10%). The mean
square error of the data is no more than 15% in the worst case. The error of the calcula-
tional data is due to the measurements of the activation cross section and the numerical
integration; it is also no more than 15%. The sensitivity of the method, according to the
expression

8 =Y Itaq, Bk/ug /g, (3)

where f is the proportion of the element being determined in the matrix, represents the activ-
ity at the end of irradiation induced when a matrix including 1 ug/g of the element being
determined is activated with a deuteron current of 5 uA for 1 h. Table 2 gives values for the
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TABLE 3. Yield Ratio of Some Radiocactive Nuclides

Interfering reaction : Deuteron energy, MeV
Nuclear reaction 5 6 7 8 9 10 11 12
26 24
z—ﬁ-“ﬁg—?—-z—.—N—‘i | 0,020 | 0,020 0,022 0,022 0,025 0,030 0,030 0,030
Na -+ 24Na . _ .
6Zn— $4Cu
§72Zn — %Cu S , T e ‘ _
5iFe — 52Mn . ] 1 : ’ . ] ' .
58Nj — $0Co | : : : o 1 1. -
BFe%Co . | . - - 1,2 4 4,4 . | 0,8 0.6 1

“elements investigated here. As is evident, the greatest sensitivity is attained for Na, Cl,
Cr, Mn, Ni, Cu, Zn, Se, Mo, and is 10*-10° Bk/ug/g. Thus, radiation-detectors of sufficiently
high efficiency allow these elements to be determined with very low concentration values.

The limits of observation of the e€lements are found for the case when the radioactivity
of the nuclide is measured using a NaI(T1l) scintillation detector of dimensions 80 x 80 mm,
establishing the radiochemically liberated fraction of the sample directly at the detector
surface 3 hafter irradiation (if T,/, <3 hfor the radionuclide) or 10 h thereafter (if Ty/2
>3h). As a preliminary, the natural background is measured using the same detector, placed
in a lead "booth" (wall thickness 100.mm), together with the energy resolution. and efff1c1ency
of radiation recording. The values of the observation limits are found from the formula ‘

Amin

tmeéueviys ? (4)

where Aminv=3/K§ is the minimum number of pulses recorded by the detector; Ap is the number
~of background pulses; wey is a factor taking account of the measurement geometry and the |
detector efficiency; iy is the quantum yield in 100 decays. Table 2 gives the limits of
observation of the elements at deuteron energies of 6 and 10 MeV.

As is evident, .under the given conditions, the limits of observation are less than 1

ug/g for practically all the elements :mvestlgated The limits of observation may be divided
into various ranges

.Element Limits of observation

" Na, Cl, Cr, Mn 10-—102
Cu, Ga, As, Y, Mo
0, Fe, Zn, Se, Br, Sr, Zr 10-2—-10-1
Mg, Ca, Ti, V, Ge - 10-1—-10°
K, Co 101 —102

The concentration of ten elements is below 1072 ug/g.

“As a.result of the reaction (d, p), the same radioactive nuclide is formed as in the
reaction (n, yv), the cross section of which is very high. Note, however, that the deuteron
activational method allows a matrix with large Z to be analyzed without decomposition, which
is practically impossible in neutron activational analysis. Thanks to the Coulomb barrier
of the nuclei, light elements in matrices with Z =45-50 may be determined. Another important
point is that, using the deuteron activational method, low concentrations of a considerable
number of light elements may be determined without disturbance; in the case of the proton
activational method, for example, this is impossible.

As is evident from Table 1, interfering reactions of type (d, 2p), (d, @), (d, an) are
encountered in analysis using deuteron activation.

Table 3 gives the yield ratios of certain radioactive nuclides forming in the activation
of adjacent elements. Note that thisratio increases with increase in deuteron energy and
in some cases reaches 10-? and higher. Therefore, before analysis, it is very important to
consider all the possible analytical and interfering reaction channels. The noise may be sup-
pressed by selecting a deuteron energy below the threshold of the interfering reactions.
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Thus, deuteron activational analysis allows most of the elements from groups with
Z<42 to be determined at concentrations below 1 ug/g, while Na, Cl, Cu, Ni, Mn, Cr, and
other elements may even be determined at 107*-10"" ug/g. To suppress the noise on account
of the reactions (d, 2p), (d, an), and others, theinitial deuteron energy may be 5-6 MeV,
and light elements are then determined without decomposition of the heavy-element matrix.
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LETTERS TO THE EDITOR

COLD-NEUTRON SCATTERING CROSS SECTION AND HYDROGEN MOBILITY
IN ZIRCONIUM HYDRIDE

B. E. Zhitarev, S. B. Stepanov, : - UDC 539.125.516.22
and Yu. B. Zasadych ’

The comprehen51ve study of metal hydrides has long been stimulated by diverse prospects
for their practical application and by interest in the problems .of the physics of the con-
densed state of matter [1]. It sufficesto mention the needs of nuclear, fusion, and hydrogen
power and technology and the problems of the beliavior of hydrogen in metals. Conclusions
reached on the basis of different methods of investigating the structure and dynamics of
hydrides often differ substantially, quantitatively and even qualitatively. In this situa-
tion any additional research methods which are sufficiently accurate -and sengitive are useful
One such method is that of studying the dependence of the scattering cross section. for very -
slow neutrons (with an energy E <10~> eV) on their energy and on the parameters of the state
of the scattering system hydrides inthis case. Rigorous theoretical calculation of the
scattering cross section for such neutrons, as is krdown, _is very difficult to carry out,
including the case of hydrides. However, experimentally and on the basis of calculations

"according to simplified structurally dynamic models the scattering cross section for cold
neutrons has been shown to be highly sensitive to the characteristics of the low-frequency
thermal motion of hydrogen atoms in different substances [2, 3]. ' '

Data on the cold-neutron scattering cross section in zirconium hydride are very limited:
The hydride ZrH,.ss was investigated experimentally at 20-270°C and reported in 2], which '
presented the only calculations to date on the temperature dependence of the cross section.
In view of this, the main goal of this paper is to demonstrate more fully the substantial
dependence of the scattering cross section on the state of the hydride and the possibility
of such data being wused in a qualitative and quantltatlve description of the dynamics of
hydrogen in such systems.

We studied the hydrides ZrHi.o1, ZrHi.ss, ZrH:.s1 and ZrH,.s: at a temperature of 20,
100, 200, and 270°C. The specimens were in the form of powder with a particle size 65 0.3
mm for all hydrides while for ZrH,.s: the particle size was 0.4 < 6<1 mm. The impurity
content was less than 0.3 at.%. The bulk density of the specimens in all the experiments
was about 3 g/ecm® to within 1%. :

TABLE 1. Total Interaction Cross Section of ZrHyx, b*

. A, nm
T, K x -
1,3 1,4 1,5 l i,6 | 1,7 1,8 - 1,9
1,0 7843 83+3 8443 8743 9743 9443 9743
293 1,55 13144 13242 13542 134+4 138+4 14043 14642
) 1, 1805 15243 154+3 | 1563 15643 15843 158+3 16013
: 1 ,01 904 93+3 9642 9543 9714 1033 1063
373 1,55 14143 138+5 139+3 14744 14643 1544-3 15544
1,805 16243 164+3 16844 169+3 17344 17045 17243
1,01 9946 101+3 14143 11243 1093 11643 12343
473 1,55 1614 15743 169+3 168+4 | 173+3 17446 18243
1, 1805 188+4 192+5 192-+4 193+3 19744 1974-3 20442
1 ,01 11344 11743 12043 12243 13043 136+-4 13843
543 1,55 17514 1785 185+4 18316 192+4 19614 20244
1, 1805 20544 21345 21143 2194 223+4 220+3 22847

%1 b =10"%°® n®.

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 169-170, September, 1983. Origi-
nal article submitted February 5, 1982.
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Fig. 1. Slope of the linear dependence 'og(k) of

the cross section for scattering on a hydrogen atom
in zirconium hydride Zer for x=1.01 (O), 1.55 (&), -
and 1.8 (@). :

The cross section for the interaction of hydrides with neutrons at a wavelength of 1.3-
1.9 nm was determined on a crystal spectrometer of the "neutron guide +crystal™ type [4] at
a resolution of AA/A<C0.03.. In special experiments on this instrument on small-angle scat-
tering in hydrides and on the transmission of reference specimens we determined the optimum
distance of the hydride specimens from the detector at which the effect. of refraction on
powder particles and of isotropic scattering in the detector did not exceed 0.5% of the cross
section. In the experiments the particle size and prolonged heating of the specimens did
not display any effect on the results. Table 1 presents the total interaction cross sec-
tion, calculated for the complex ZrHyx. We given the mean-square errorswith allowance for
the indeterminacy of the density of the specimens.

As was to be expected [2 3}, we find that the cross section depends almost linearly
on the neutron wavelength: (X) =do +aiA for A=>1.3 nm: The scattering cross section, cal-
culated per hydrogen atom, whlch in ZrHy is almost entirely due to scattering by hy-
drogen, differs up to 10% for xs~1 an xs~2. The hydrogen concentration, however, was
observéd to have a substantial effect on the value and temperature dependence of the coef-~
ficnets ao and ai:. Thus, for ZrH,.s the contribution of the inelastic component (ai}) does
.not exceed 20% of the cross section but it does depend strongly on the temperature (a, Vv
T*"?). As the hydrogen concentration decreases within the limits mentioned above, the slope
a; of the straight line GH(A) grows more than fivefold at room temperature but its tempera-
ture dependence. weakens markedly (ay v T°°7 for ZrH,;.o:1). These changes are illustrated by
Fig. 1. The component do, which is determined by the probability of elastic scattering,
changes in the opposite direction but does so much weakly.

The overall character of the dependence of the coefficients g, and do on the temperature
and the composition of the zirconium hydride permits a number of qualitative conclusions.
The observed effects in the scattering cross section reflect mainly the influence of the
state parameters (T, x) of the hydride on the low-frequency motion of the hydrogen — acoustic
vibrations and diffusion transitions. This is indicated by the following data: the in-
fluence of the temperature and composition on the spectra of inelastic scattering of neutrons
(in particular, the data of [5]), the absence of a concentration effect in the scattering
cross section for neutrons with an energy in the region of the optical levels of ZrHx [61;
and calculations of the cold-neutron scattering cross section from a simplified model of
the frequency spectrum of zirconium hydride [2]. Analysis of the results of the last paper
showed that only varying the parameters ("weight" and characteristic temperature) of the
acoustic (Debye) branch of the spectrum over wide limits makes it possible to obtain qualita-
tive agreement with the cross sections measured in our work. The dependence of the "weight"
of the acoustic branch on the hydrogen concentration (v 1/x, [7]) is also in qualitative agree-
ment with the concentration dependence of the scattering which we determined in the light
of the calculated data of [2]. Consideration of all the published calculated results [2,

7] shows, however, that they do not permit a quantitative description of the experimental
data of this paper since they do not take account of all the characteristics of the low-
frequency modes, including hydrogen diffusion. 1In the first place, this applies to hydride
with x<1.5, in which case the contribution of these modes apparently becomes particularly
noticeable. The. concentration effect decreases as the temperature rises; this characterizes
the temperature variations in the frequency spectrum of zirconium hydrides and the thermal
excitation of different modes. In accordance with the laws obtained for the variation of
the scattering cross section and on the basis of the results of [3] we can establish unambi-
guously that the total mobility of hydrogen in ZrHx increases with decreasing hydrogen concen-
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tration in the zirconium lattice (growth of the slope a, with weakening of the temperature
dependence, decrease in the component @, with intensification of the temperature dependence).
This conclusion is consistent with the results of the investigation of inlastic scattering

of neutrons in the region of the optical peak in ZrHx {5] as well as the result of investiga-
tion of hydrogen diffusion by nuclear magnetic resonance [8]. The conclusion of [8] about

the diffusion activation energy decreasing with decreasing hydrogen concentration is in quali-
tative agreement with our results.

Thus, the data on the temperature and concentration dependences of the cross section
for scattering of. cold neutrons in hydride systems can be used for phenomenological investiga-
tion of the hydrogen mobility and with adequate dynamic models to confirm and refine the
parameters which characterize the dynamics of hydrogen in the respective systems.

The authors are grateful to V. A. Semenov and D. A. Pankratenko for supplying the hy-
dride spec1mens.
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PROFILOMETRIC AND METALLOGRAPHIC INVESTIGATIONS OF THE DEVELOPMENT
OF HELIUM POROSITY IN COPPER

V. F. Reutov, K. G. Farkhutdinov, ' : UDC 620.179.18:621.039.553
and Kh. G. Kadyrov . '

Helium porosity in metals is usually 1nvest1gated by means of z2lectron and optlcal mi- .
croscopy, which require complex technologlcal procedures and operations during the prepara-
tion and conduct of experiments as well as. during the processing of the results. In order
to determine the level of radiation swelling of metals and alloys which have been bombarded
with heavy ions a new method was proposed [1] on the basis of profilometric measurement of
the height of a bulge that appears on the surface of a specimen as a result of the formation
of vacancypores in a limited surface region. For the purpose of using this profilometric
method to study the helium porosity that develops in a region at a substantial distance from
the surface of the specimen we determined the comparative changes in the profile of the
surface of copper irradiated with o particles, under various conditions of postradiation
annealing. ' :

Our investigations were carried out on plates of polycrystaliine copper (99.99% pure)
which had been preannealed at 900°C for an hour in a vacuum (v 5¢10—*Pa); the thickness of
the plates substantially exceeded the range of 50-MeV a particles, Ro =0.37 mm.

When the plates were irradiated (at 60°C) with o particles through a special mask,
helium-doped regions with a thickness of about 20 um and a diameter of 2 mm are formed in
them. After mechanical thinning of the specimens the distance from the layer with helium
to the planar surface studied was 0.15, and 0.35 mm. After profilometric measuréments on
an M-201 contact profilograph—profilometer, we cut the specimens along planes perpendicular

Translated from Atomnaya ﬁﬁergiya, Vol. 55; No. 3, pp. 170-172, September, 1983. Origi-
nal article submitted June 2, 1982.
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of the suface of specimens with the helium layer at different layers is illustrated by Fig.
‘1, from which we can conclude that a bulge (profilogram a) appears simultaneously in all of
"the specimens after annealing at 700°C, with the height of the bulge growing monotonically

‘band and on the boundaries of grains which intersect the helium-doped region. The doped

D.eclassified and Appr,ove‘d For Release 2013/02/21 : CIA-RDP10-021'96R000300030002-7
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Fig. 1. Helght of bulge as a functlon of the temper-
ature of isochronous annealing when the helium layer
- in the copper specimens is at a depth of 50 um (A), .
150 um (O), and 350 pym (x). Profllogfams of the ir- : ot

radiated surface after annealing at700 C (a) and 1025°C
(b):
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Fig. 2. Scanning-electron-microscope photograph of
the surface of a specimen after anneallng at 1025°C
for 1 h.

to the doped layer and after chemically etching [2] the sections so obtained we determined
the parameters of the hellum porosity with an REM—200 scanning electron microscope.

[

RPN Se——

The spec1mens were annealed in a vacuum (v 5¢107*Pa) for 1 h with the temperature being :
raised by steps of 50°C from 400 to 1025°C. The concentration of helium atoms, determined }
by mass spectrometry from the gas liberation from the molten specimen, was 0.07 at.?% when
calculated for the doped volume. The average size and concentration of the pores were de- |
termined by the method of reciprocal diameters from electron-microscope photographs [3].

The ‘influence of the annealing temperature on the results of profilometric measurement

ANy 4 i s e

as the annealing temperature is raised to 1025°C. Upon examining the surface of the specimen
under a scanning electron microscope we found that the oscillation of the profilogram of the:
irradiated surface, which intensifies with the annealing temperature, is caused by the uneven!
"orotrusion" of some grains with respect to others (Fig. 2). We must point out that the shape
and size of the bulge almost completely reproduces the shape and size of the openings in thew
mask through which the irradiation had been carried out. ‘

Form the data of structural analysis in the scanning electron microscope we see the
first signs of helium pores at 500°C, when a characteristic dark band about 23 um wide is
formed (Fig. 3a). At 750°C pores with a diameter of 0.1 yum appear in the middle of this

region becomes filled with pores at 900°C (Fig. 3b). With a further rise in the annealing

e A ATt o iat e e AR e+ et
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-Fig. 3. Helium doping of a region after annealing
at 700°C (a) and 900°C (b).
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Fig. 4. Total volume of pores (O) and volume
of bulge (®) as a function of the temperature
in successive'isochronous'annealing of 1 heach.

_temperature the total volume of the visible pores in the layer increases appreciably. The

results of measurements of the volume of the bulge on the surface of the specimen and the
total volume of pores in the doped region after annealing at different temperatures (Fig. 4).
indicate a complete correlation between these parameters, regardless of the depth at which -
the doped region-occurs. These data enable us to make the conclusion that profllometry can
and should be used to study the laws governing the development of helium porosity.
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EFFECT OF COLLIMATION OF A MONOENERGETIC SOURCE
ON THE ACCUMULATION FACTOR

F. M. Zav'yalkin ‘ UDC 621.039.58
and: S. P. Osipov k '

It is necessary when solving radiation protection problems and designing process monitor-—
ing devices to know the contribution of scattered radiation to the total intensity at the
detection point. behind an 1nf1n1te barrler whlch 1is 1rrad13ted by a bounded (colllmated)
beam of radiation. :

The publlcatlons [l, 2], in which the accumulation factors for a limited barrier are
evaluated, are well known. However, these results cannot be used to evaluate the accumula=-
tion factor By for an infinite barrier irradiated by a bounded beam of radiation. This dif-
ference is caused by the fact that quanta emitted as a result of scattering through the side
surface of a bounded medium . now do not return to it. At the same time quanta scattered
in the region not irradiated- ‘by the primary flux return to the detector upon the irradiation
of an infinite barrier by a collimated beam. ‘

A calculation of the energy accumulatlon factor behind a barrier with thickness Z (Fig.
1) at a detection point .separated by a distance R from the shield and positioned perpendicu-
larly to the protective barrier is made in this paper by the Monte Carlo method -in the double—
scattering approximation with account taken of coherently scattered quanta. A point. isotropic
monoenergetic source of ¥y radiation with an irradiation field restricted by a collimator
with an exit aperture of circular or square shape is mounted on the opposite side of the
barrier on the same perpendicular at a distance A from the barrier. The formulas for cross
sections differential in angle of noncoherent and coherent scattering were taken from [3];
the total cross sections of the interaction of y radiation with matter were taken from [4].

Since only double scattering was employed in the calculations, the energy accumulation
factors of the radiation of an uncollimated source in the barrier geometry for 7 =1-3 m.f.p.
(mean free paths) were calculated to check the permissibility of this restriction. Under-
stated results are calculated in comparison with the data of [5], in which multiple scatter-
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Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 172-173, September, 1983. Origi-
nal article submitted July 6, 1982.
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ing was taken into account. For barriers 1 and 3 m.f.p. in thickness the error amounts to
3-5 and 10-15%, respectively. Such an error, which is permissible for practical problems,
is reduced upon collimation of the source.

It has been clarified as a result of the analysis that the dependence of the accumula-
tion factor of a collimated ¥y radlatlon source from one-half the collimation angle ¥ can be
expressed by the formula

(Ba—1)[(Bp—1) =1—exp(—Ctg ¥}, ' @)

" where By =Bh(E, Z, A, R, 1) is the energy accumulation factor of the radiation for a source
located at a distance A from the barrier at a detection point separated by a distance R from
the barrier, B, =By(E, Z, A, R, 7, a) is the enérgy accumulation factor for collimated radia-

. tion, and C=C(E, Z, A, R, Z, a). is a coefficient which depends on the energy of the primary
Y-quanta, the shleld materlal, and the mutual arrangement of the source, detector, and pro-
tective barrier. :

Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000300030002-7
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Investigation of the dependence of the coefflclent C(E, Z, A, R, 1, a) on these factors
has shown that the expression

o | _ A2 2 | ' (2)
C(E, Z, A, R, I, a)= (1+H)(1—a/z)li;u' : )

is applicable with an error of 5-7%, where u is the radiation attenuation coefficient of the
material under investigation and C.{2) is acoefficient which depends on the atomic number

of the material .of the protective barrier (Fig. 2). We note that formula (2) is defined for
-a@ <1, since the energy accumulation factor for an irradiation- field radius-a =1 agrees.with
the accumulation factor in the barrier geometry (a discrepancy of no more than 3).

A comparison of the results of a calculation by the Monte Carlo method and calculations
based on formulas (1) and (2) has shown that when the formulas for calculation of the energy
accumulation factor of a collimated source is used the error is no greater than 5%. One can
also use formula (1) to estimate the collimator effectiveness.
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AN ESTIMATE OF THE SYSTEMATIC ERRORS IN THE CALCULATION
OF CRITICALITY BY THE MONTE CARLO MEHTOD

V. G. Zolotukhin : ) UDC 539.125.52:621.039.51.12
and L. V. Maiorov :

It is well known that it is necessary to accept a systematic error (a shift in the
estimates of the functionals) in all programs for the solution of the problem of reactor
criticality by the Monte Carlo method [1-3]. It arises as a result of the use of different
versions of approximations of the solution (the methods of "supplements" and of "a constant
number of division points'") when the number of neutrons in each generation is reduced to an
a priori specified value — N with the help of some rules which are often theoretically un-
justified, and the distribution of the additional neutrons in the reactor is selected on the
basis of qualitative notions. '

A theory has been worked out. in [3] for the supplement methods on the basis of a finite-
dimensional reactor model which permits the construction in particular of an algorithm for
estimating the shift in the course of the modeling. Formulas for a priori estimates of the

shift in the values of functionals are also obtained there which are suitable in the approxima-

tion in which the ratio of the first two eigennumbers of the criticality problem X /)Xo « 1.

At present the calculation of large systems for which A, ® Ao 1is of special interest.
Therefore, the authors have continued their investigations with the goal of obtaining working
formulas for evaluating the systematic errors in the calculation of the crltlcallty coef~
ficient by the Monte Carlo method which are suitable for large systems. Some of the results
obtained are given in this paper. ' '

Let us consider a reactor surrounded by a black absorber. We shall write the integral
equation for determination of the criticality coefficient in the form

Ap (2)= S 'K'(z, y) p(y) dy- . o 1)
Vr

The function p(x) describes the density of absorbers (ver51on A) or the density of the.

generation of secondary fission neutrons (version F) at the point x=(r, Q, E) of the reglon a

VR of the phase space of the reactor. ,
For . ver51on A K(x, y)-—S T(x,»x yex', y)dx 3 o ' ’ (2)
for version F: K(x, y) c(x, x")TE", y)dx' .' » : 3)

Here T(x x') is the probability density of: the absorptlon of a fission neutron at the
point x upon the condition that it was produced at a point x', and C(x', .y) is the average
number of fission neutrons which are produced at the point x' upon the condition that the
neutron causing the fission was absorbed at the point y. Both functions are assumed to be
defined in the entire phase space Vm, including the black surroandlngs of the reactor.

We shall denote the integral

ﬁ(y)= 5 K (z, y)dz. ' ' - ' ’ (4)
Voo - .

For version. A n(y) is the average number of secondary fission neutrons at the point y,
and for version F it is the average number of secondary fission neutrons which are formed
after absorption of a fission neutron produced at the point y.

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 173-175, September, 1983. Origi-
nal article submitted July 12, 1982.
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Both versions of Eq. (1) are used in constructing the schemes which implement modeling
of a chain reaction by the Monte Carlo method: for the density of absorptions and for the
density of generation of secondary neutrons. Making the physical meaning of the function
p(x) more specific is not important for what follows, since the formulas are derived identical
ly for both cases. For definiteness' sake we shall assume that p(x) is the demsity of ab-
sorptions.

For calculation of the criticality coefficient keff =Xo, Wwhere Ao is the chief eigén—
value of Eq. (1), investigators usually construct a chain Markov process with transitiom
probabilities Pp(x,y) which models the multiplication of neutrons in the reactor. Then the
distribution function ¥n(x) of the points at which absorption of the neutrons of the genera-
tion' with number n occurs is expressed in terms of the neutron distribution function in the
preceding (i — 1)-th generation by the relationship '

¥y (x)= S Po(x, Y)¥a  (¥)dy., (5)
Here %(X1, X2y :+.5 X{p) and ¥ (Y15 Y25 «-+» YIn—1) are random vectors which describe the

positions of the neutrons in the generations with numbers-n and. n — 1, respectlvely, and Ln
and Ly., are the number of neutrons in a generatlon which may be.equal.

In a’ conditionally critical reactor the density of absorptions of successive generatlons
" ‘can be adequately described by giving the functlon K(x, y) if the transition probability
function satisfies the relationship

. . Lo,
‘ SZ‘, 8(z—z) Pa(x, y) dx=231 D) K(z, ). : R
1=1. A =1 '

Actually, the'deﬁsity of absorptions of neutrons of the n-~th generation is

B, .
Pn ()= S 2 8 (z—z;) ¥y (x)dx. i ‘ (7)
V=1 : :
It follows from the relations (5) and (6) that

o (=15 [ K (2 ) ons ) .

Since M, is unknown in advance, it is necessary to use approximate expressions for Pp(x, ),
which we shall denote as Pp(x,y). In other words' one or another approximate models of: the
actual process are used in the Monte Carlo calculations. They are usually selected so that
the total (or at least the average) number of neutrons N in a generation is kept constant
and’ the condition

SZ 8 (z— ;) Pp (x, y)dx=N D K (=, y,)/,-z 1 (@): (8) -

is satisfied. Investigators assume that for sufficiently large N the mathematical expecta-
tion is

(N/Daw)> = At ' (9)

The approximation (8) results in a systematic error in the determination of functiomals -
of the neutron flux which decreases for the correct models as N->o. Models for which the
error decreases according to a 1/N law have been investigated in [2, 3]. The cause of the
decrease in the shift of the estimates as N-® is that models describable by the functions
P(x; y) of a special class are selected as a rule for the approximate modeling. It is charac-
terized by the fact that one can use the central limit theorem of probability theory [4] to
estimate averages over the distributions P(x y) at large N.
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Then for the average neutron density pn(x) in generation n,.which due to formulas (5),
(7), and (8) is expressed by the relationship

n@=N [ [ D& wf 0w | vasmay,

(10)

one can write the asymptotic formula

(11)

on (2) = F {ons [ (G ey _ (R (R (A (il 1]

(Mn-y (n)n 1 (Byn-1 (Mnt

where ﬁ==% K(x, 1) and N =%.n(yl). The symbol {...), denotes the mathematical expectation
over the'distribution Yn-1 (y). - '

Assuming that a steady distribution isestablished for sufficiently largen, one can omit the
subscript "n — 1" in the formula (11), assuming the angular brackets to be the symbol for
averaging over this distribution. One can show by using the well-known formula for the dis-
. persions of a random quantity D =M.O. (Dgly)-FD (MQO.E?y), that then the expression (11)

'is converted into an integral equation in the function p(x). TIts first term for large N is
equal, as follows from the expressions (5) and (6), toS K(x, y) o(y) dy, and one can treat

the last two terms as a small pertubation. The correspondlng proofs for flnlte—dlmen91onal
models are given in [3]

Applylng pertubation theory, let us multlply the expression (11) by the 1mportance func-
tion pt(x) [the solution of the equation conjugate to Eq. (1) with A =2, 1, and after the
standard operations we obtain an expression for the difference A) between the elgenvalues
of the pe:turbed .{11) and unperturbed equations for the absorption density

G655 o
Ah= T—'i —_— 9 .
\ vm)r ALV () / .

One can use formula (12) to evaluate the shift of the criticality coefficient in cal-
culations by the Monte Carlo method, in particular specifying a priori approximate expressions
for the function p+(x). Direct evaluation of it in the course of the calculations is possible
in principle. :

where n=2n(yz); and p+=Zot(y7).

For theoretical: estlmates of the shift one can, again using a formula of the type DE =
M 0. (D&Iy)-+D M. 0. gly) write the expression (12) in the form of a series

oo

A= ) S'Dm(y)P(y)dy. ' v - (13)
m=0 L . ’

J

omw={[ 3 am(zi)—5m<é)] [é Bmui)—ﬁm(y)]p(}a vax;

i=1 i=1

where

am=A1K )™ ag;  Pm= (A1 K,)™ Bo;
Cop=(MTIN @) =N Be=(M)"" 1 (2)—(p*)" p* (=);
) Ln-1 : R GTS)
P(x, =[] p(xs ).
1=1

Here Ky is the symbol for the integral operator conjugate to the integral operator of Eq.

(1), X7= X741, +++5 X74J) , J is the maximumnumber of neutrons produced in the system upon the
fission of a single nucleus, and p(X7, y1) is the probability density of absorption of the
descendants in the next generation from a progenitor absorbed at the p01nt V-

One should recall that nowhere in the derivation of the formulas was the fact that the
coordinates of their absorption points (version A) and not their creation points (version F)
were assigned to each new generation of neutrons used. The formulas given are valid for
both cases: It is necessary to substitute the appropriate expressions for K(x, y) and n(y)
into them.
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The error in calculating the criticality coefficient for large systems can be evaluated
as a function of the size of the system with the help of expression (13), using expansions
in its eigenfunctions. It turns out to be weakly dependent on the ratio A 1/Xo- The speci-
fic modeling method affects the nature of the dependence. Formula (12) demonstrates the
decrease of the shift A\ according to the 1/N law, which was first justified theoretically
in [3]. The asymptote -obtained does not contradlct the upper limit to the shift found by
Khairullin [5]: IAK] <C(N-* +yN) | where C and Y are some constants, an algorithm for which
has ‘not been indicated in [5] (v <1). :

In. conclusion we ‘give an expression for the shift of.:the chief eigen¥alue A, for the
Liberoth method for supplementlng the number of particles in a generatlon in the case n <1.
The method is specified by the transition probablllty function {27.

N N N o . . o
Fx 0= []1 3 Kia, vy;y)/ DEITIE _ (15)
=1 = (= : . o
_Making simplewcalculations according to ‘formulas (13) and}(l&j, we obtain
N3 on@Vm@p@dn : . a6).

m=0

where

() (i)

and. p{(x) is the eigenfunction of Eq. (1) corresponding to the ‘eigenvalue Ao ~and hqrmalized
to unity. . -
Expanding unity into a series in the elgenfuctlons pS of the conjugate equation and

making use of ‘the property of blorthogonallty of ps and p,'we reduce the expre551on (16) to
the form

—ZZ (—fﬂ) (1—?1—:%j—j"’Cf&%(z)pﬁ-@-pg(x)dz, - an

r=1s=1

where 1==§0 Cspg (x); p°-=p+. ‘An approximate summation of the series (17) now gives the
formula ) ' ' :

%é‘%'(”%‘?)_—i ><'{1'—Sp“(z)p(z)dz/-‘[jp'(x)m(z)dz]z}. | | (18)

which is suitable for practical estimates of the shift.
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DETERMINATION OF THE NUCLIDE COMPOSITION AND BURNUP OF VVER-440
FUEL SAMPLES '

V. Ya. Gabeskiriya, Yu. V. Efremov,

V. V. Kalygin, M. P. Maslennikova,

V. B. Mishenev, Yu. S. Popov, P. A. Privalova,
V. M. Prokop'ev, and A. P. Chetverikov

UDC 621.039.54:539.166.3

An experimental investigation of the dependence of the content of heavy nuclides on the
burnup in spent VVER fuel is essential for optimization of the fuel cycle, for the purpose
of increasing the operating efficiency of a nuclear power station, for forecasting the produc-
tion of secondary nuclear fuel, correction of physical methods of calculating the.buildup
of nuclides in reactors, and for solving problems of the utilization of the transuranic ele-
ments accumulated in nuclear power reactors. However, the experimental paper devoted to the
measurement of the nuclide content of spent fuel from power reactors are very few [1-4].

We investigated two samples of spent VVER-440 nuclear fuel, cut off at distances of 1375
and 1625 mm from the lower boundary of the active part of a fuel-element assembly. The fuel-
element assembly had operated in the fouth unit of the Novovoronezh nuclear power station
for 1222 days. The initial 2°°U -enrichment amounted to 3.6%.

After total dissolution of the samples, the relative contents of isotopes of the actinide
elements (%*°°u, 2?°°y, *°*°y, 2**°Pu, 2“°Pu, *“'Pu, %*“*Pu, *“'Am, *“°Am, *““Cm) and fission
products (133CS, 13kCS, IBSCS, 137CS, 1A0Ce, 1A2Cé’ 1M.Ce’ lszd, lhaNd, lu‘Nd, 1A5Nd’ 1:.6N-d’
148Nd, '°°Nd) were measured by the mass-—spectroscopic method of isotopic dilution using a
complex tracer [6]. In order to reduce the error for each sample, .six parallel determinations
with three different complex tracers were carried out; the latter were prepared such that
the ratios of the isotopes of the elements being determined in the mixture of tracer and
the original solution were optimal. The content of 238py and *“?Cm were calculated by using
the a-emission spectrum of the plutonium and curium separated from the original solutions
of the fuel samples being investigated. The burnup was determined by two methods: the method
of heavy atoms (MHA) and by the content of fission products (MFP). 1In order to increase the
reliability of the results, eight monitors were used: *®°Cs +**“Cs, '*7Cs, **°Ce, '“*Ce,
1A40e +-143Nd + *44Nd, *“°Nd +'“°Nd, and *°°Nd [6]. The results obtained are presented in

TABLE 1. .Content of Actinide Isotopes in
' Samples of Spent VVER-440 Fuel at the Time
of Unloading the Fuel-Element Assemblies

from the Reactor, kg/ton U

Isotope First sample Second sample
285 8,280,06 10,01+0,07

2381 5,10:0,05 4,5534-0,048
238 938,8+0,6 941,8+0,5

238Py 0,198-0,007 0,181+0,018
339Py 5,654-0,07 5,7740,07
240Py 2,33240,028 ©2,47240,027
31Py 1,4314-0,048 1,328+0,017
242py 0,588-+-0,008 0,468+-0,006
2Pu 10,204-0,12 9,91+0,11 :
(21AmM (4,0240,17)-10-2 (3,91+0,16)-10-2
243Am (11,4+-0,5)-10-2 (7,6+0,3)-10-2
242Cm (1,91+0,26) - 102 (2,6-£0,4)-10-2
244Cmn (4,0=0,4) - 10-2 (2,64=+0,26)-10-2

Translated from Atomnaya Energiya, Vol. 55, No. 3, Pp. 175-176, September, 1983.

article submitted September 13, 1982.
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TABLE 2. Burnup of Fuel Samples, Deter-
mined by the Heavy Atom Method, kg/ton U

Isotope First sample Second sample
238y 22,01+0,21 20,90+-0,22
23811 2,44-0,6 2,24-0,6
239 Py 10,7+0,6 9,2+1,2
241py ©1,76+0,10 1,3540,13
Total 36,9+1,5 33,7+1,4

Tables 1 and 2. The error were calculated for a confidence coefficient of 0.95. The burnup
‘according to the fission product method amounted to 38.1+0.6 for the first sample, and
33. 5 £0.6 for the second sample. :

The investigations carried out showed that about -10 kg of plutonium and tens of grams
of americium and curium are built up per ton of initial uranium. The principal a-radidtion
activity of the plutonium build-up (about 80%) is due to the decay of ??®Pu. The contribu-
tion of fissions of plutonium isctopes to the total burnup, calculated by the heavy nuclides
built up [4], amounts to 31-337%.
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DOSE FACTORS OF THE BUILD-UP OF COLLIMATED y RADIATION
IN A SHIELDING GEOMETRY FOR CYLINDRICAL MEDIA CONSISTING
OF WATER, ALUMINUM, AND IRON

M. B. Vasil'ev and N. F. Chubashev UDE 539.1.09

Scattered y radiation substantially influences the development of the radiation field
in a scattering medium and behind a shield. The contribution of scattered y radiation to
the total radiation of a source is usually taken into account by the build-up factor. It
is in many cases very important to know the value of this factor. This refers equally to
radiometry, dosimetry, and radiation techniques of nondestructive testing. In practice,
collimated radiations of isotropic sources are most frequently employed. For example, in
radiative defectoscopy, only collimated radiation is employed; the same applies to the prac-
tice of radiology and dosimetry. But the build-up factor of collimated radiation from iso-
tropic sources has not been determined in many cases, neither by calculations nor by experi-
ments. A single paper [1] has been dedicated to the energy factors of the build-up of col-
limated radiation in water, the values having been obtained by calculation. The build-up
factors for other media and other geometries have not been studied to the present time. \

The present work relates to an experimental determination of the dose factors of the
build-up resulting from pointlike isotropic sources in a shielding geometry. The shield
was formed by cylindrical media consisting of water, aluminum, and iron.

Cylinders for the water were made of thick, 80-cm-high cellophane; when expressed in
free path lengths ur of vy quanta withthe energy Eo =0.661 MeV, the cylinder diameter was

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 176-177, September, 1983. Origi-
nal article submitted September 27, 1982.
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J

Fig. 1. Geometry of the experiment: 1) source;
2} collimator; 3) cylindrical medium; 4) detector.

TABLE 1. Dose Factors of the Build=Up of .
Collimated v Radiation behind a Shield
Consisting of Various Cylindrical Media

ol?ri%le Water Aluminum Iron
e
gi(())lxlllma wr {137Cs | 80Co | pr [187Cs | 80Co | wr |133Cs| 60Co
1,0 11,1241,071 1,0 14,08{1,05} 2,0 {1,14(1,08
14 10201 1041] 105 [442}1,08] 2.5 | 1.21 | 111
0° 2,0 (1,2711,18] 2,0 11,15{1,10| 3,0 {1,28|1,14
3,0 |1,63[1,46] 2,5 [1,2011,15]| 4,0 [1,32]1,18
4,012,3211,947 3,0 |1,34(1,18]| 7,0 [1,70(1,20
4.0 |1.38]1.20
1,0 11,36|1,24| 1,0 {1,2611,18| 2,0 11,60(1,51
1,4 11,56(1,30( 1,5 14,53]1,39{ 2,5 11,78(1,65
16° 2,0 11,79(1,88] 2,0 {1,7011,6C{ 3,0 {1,95!1,80
3,0(2,39(2,07| 2,5 |1,92{1,781.4,0 {2,09{2,26
4,0 (3,713,201 3,0 |2,10(1,94| 7,0 { 3,34 3,15
4.0 [2.50] 2,43 '
1,0 |1,68(1,51| 1,0 {1,50{1,45]| 2,0 |2,04{1,73
1,4 11,934,841 1,5 {1,761,64{ 2,5 |2,322,10
apo | 2:0(2025(1196 | 210 2,07 [185] 3,0 | 2,68 | 2,36
3,0 |3,36]3,14} 2,5 [2,3012,12] 4,0 [3,20}2,87
4.0 |5.47]5.08| 3.0 |2.83|2.43| 7,0 | 5,45 4,60
4,0 13,30(3,0 |
1,0 11,82]1,65) 1,0 {1,70]1,57] 2,0 }2,21]2,05
1,4 (1,99(1,85] 1,5 12,04|1,76] 2,5 {2,37]2,18
45° 2,0(2,56|2,40| 2,0 |2,41|2,17| 3,0 [2,85(2,50
3,0 | 4,58 4,02 2,5 [2,72(2,401 4,0 {3,26(3,00
4,0 [6,93}6,60| 3,0 |13,06/2,80¢ 7,0 (7,15|5,32
4,0 13,7513,35
1,0-(1,93{1,711 1,0 11,75|1,70} 2,0 12,60} 2,35
1,412,40]2,201 1,5 [2,15|2,07 2,5 | 2,81 2,58
90° 2,0(3,11{2,90( 2,0 |12,52{2,46| 3,0 §3,12{2,76
3,0 {5,10{4,73] 2,5 {2,952,80| 4,0 {4,0 | 3,80
4,0|7,24(6,76| 3,0 |3,30|2,92 7,0 |7,70| 7,17
4,0 14,25(4,03

1, 2, 3, and 4 range lengths. The aluminum cylinders had a height of 20 cm and diameters of
1.3, 2, 2.4, and 3 free path lengths. The diameters of the 20-cm-high iron cylinders were
4.3, 5.74, 7.2, and 8.62 free path lengths. :

The collimated radiation of pointlike isotropic sources was directed toward.the center
of the cylinder and was propagating in a direction perpendicular to the cylinder axis. The
collimation angles were 0, 16, 32, 45, and 90°. The lead collimators had a diameter of 9
cm and a channel length of 14.8 cm and were inserted in a lead shield of the bases of a '
BDBSZ-1eM detector. A small SBM-10 halogen counter with filters [2, 3] for obtaining equal
counting sensitivities to the quanta of various energies was used a detector of y quanta.
The geometry of the experiment is shown in Fig. 1.

The dose factors of the build-up were obtained for *>7Cs and °°Co isotope sources. The
numerical values of the build-up factors were converted to full freepath lengths of those sources
(see Table 1); the error of the determination did not exceed 8%.
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Fig. 2. Dependence of the build-up factors of collimated sources behind a shield
consisting of a) water, b) aluminum, and ¢) iron upon the angle 6§ of. the colllma—'
tion and the path length pr.

The dependence of the build-up factors B upon the angle of collimation and the path

. length pr is shown in Fig. 2. A difference in the dependence of the build-up factors upon

the distance between the source and the detector is noted for a collimated source in a shielc
ing geometry'and for an isotropic source in an infinite medium. Owing to the anisotropy

of emission, the build-up factors of a collimated source are smaller near the source than
build-up factors of an isotropic source in an infinite medium. In the latter case, the de-
velopment of the radiation field and the build-up factor depend also upon quanta emitted

by the source into the backward half-space. Therefore, except for the dependence of the
collimation angle, the build-up factors are small .near the collimator; they increased first
slowly and then more rapidly with increasing distance between the source and the detector.
This seems to be related to the fact that a certain spherical region, which can be distin-
guished between the source and the detector and which increases in proportion to the increas
in the radius of the cylindrical media, is in all cases very 1mportant for the development
of the radiation field and the build—up factor.
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The build-up factors which we have indicated for collimated radlatlon of 1sotrop1c
sources are of particular interest in dosimetric applications, in defectoscopy, and in medical

radiology when the field of collimated radlatlon behind shields made from cylindrical media
is to be assessed.
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STABLITY OF THE CALIBRATION CHARACTERISTICS OF DIFFERENTIAL-
TRANSFORMER STRAIN TRANSDUCERS IN A NUCLEAR REACTOR

* A. V. Kondrashov, P. P. Oleinikov, UDC 621.039.564
A. N. Sokolov, T. B. Ashrapov, and Kh. R. Yunusov '

Differential-transformer transducers are used extensively for in-reactor monitoring of
strain [1]. Practically no information, however, is available about the behavior of their
calibration characteristics during operation. The present paper is devoted to the investiga-—
tion of the effect that reactor radiation has no the stability of the output characteristics
of one design of differential-transformer transducers for monitoring the radiation creep of
structural materials. ‘

The differential- transformer .transducer is a coil, inside which is a plunger. The coil
has three windings: one primary and two secondaries. The windings are made of PNET-IMID
wire with a diameter of 0.1 mm, with 4160 turns in the secondaries. The coil form is made
of 12Kh18N10T stainless steel and has a diameter of 11 mm and a height of 79 mm. The coil
form is coated on the outside with insulating varnish 20-30 um thick. The plunger, made of

E10 steel, has a diameter of 3.8 mm and a length of 60 mm.

The in-reactor investigation was carried out by comparing the output signals of trans-
ducers with periodic identical displacements of the plungers inside the differential-trans-
formér coils. The displacement of the plungers from a fixed lower position to a fixed upper
position was carried out with an electromagnet built into the upper part of each transducer.

The measurements were carried out with a KSD-2-007 recorder with a linear characteristic
and a scale with 100 divisions. 'As a result of laboratory tests of three differential-
transformer coils we established that their calibration characteristicsare linear, with measur-
ing ranges of 0-600, 0-610, and 0-640 um. The principal error of the equipment is * 27%.

The temperature error is 0.12 div/deg K. All of the transducers were adjusted so that the

.vecorder showed 25 divisions when the plungers were in the fixed lower position and 75 divi-

sions in the upper fixed position, i.e., the reading changed by 50 divisions during the
displacement of the plungers. The spread of the readings in this case did not exceed t lunit.

Our investigations were carried out on the VVR-SM reactor of the Nuclear Physics In-—
stitute, Academy of Sciences of the Uzbek SSR. Transducers 1, 2, and 3 were placed in a
helium medium at distances of 140 (the distance to the lower part of the differential-trans-
former coil), 460, and 660 mm, respectively, from the reactor core. During the investiga-
tions, voltage was applied to the transducer only for a short time (10-15 sec) as the reading
was taken in order not to subject the transducer to additional heating.

Each transducer was provided with a Chromel—Alumel thermocouple. The thermocouple was
fastened by a yoke to the outside of the transducer casing in the middle part of the dif-
ferential-transformer coil. The transducers were in the reactor for a total of 8400 h and
of this time 4739 h were under power, the breakdown of this time being 38% at 5 MW, 16% at
6 MW, 21% at 8 MW, and 7% at 10 MW, while for the remaining 187% of ‘the time the reactor was

‘ Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, p. 178, September, 1983. Original
article submitted October 28, 1982.
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operating at intermediate power. During the investigations the fluence of thermal and fast
(> 1.15MeV) neutrons and the absorbed doses of y-rays were, respectively, 1.6¢10%°, 1.2¢10%°,
and 4.6¢10*° thermal neutrons/cm®, 8.5¢10%°, 6.75+10*%, and 8.2+10'7 fast neutrons/cm®, and
2.4010%", 2,5¢10*°, and 210° rd (1 rd =0.01 Gy). The error of these values was * 50%.

The highest temperature of the casings of transducers 1, 2, and 3 during the investiga-
tions was 182, 60, and 40°C, respectively. The temperature of the differential-transformer
windings, housed inside the casings, in this case exceeds the value given above as a conse=-
quence of radiation-induced energy release in the (steel) casing and plunger, and the copper
wire of the winding, and as a result of Joule heating. The last component was small (10°K)
_since voltage is applied to the coils only for a short time. The extent to which the winding
are heated as a result of the energy release can be determined from data on measurement of
the ohmic resistance of the deenergized windings in the reactor and in the storage vault.

We found that during the time in the reactor the ohmic resistance of all the windings of
transducer 1 increased by 8-10% while the temperature of the windings of transducers 1, 2,
and 3 at a power level of 10 MW was, respectively, 310, 87, and 70°C in the differential=-
transformer coils and 220, 83, and 70°C in the electromagnets. The error in the measure-
ment of the temperature was +5%. Comparing the values of the temperature, wecan conclude
that the component due to the energy release is significant for transducer 1 (140 mm from
the reactor core) and is negligible for transducers 2 and 3 (460 and 600 mm from the reactor
core). Thus, the maximum operating temperature of the windings was 310 £15°C for transducer
1. All of the differential-transformer tranducers remained serviceable during the investiga-
tion. '

The agreement of the readings of the transducers (within the limits of the experimental
error of #5-10pm) with the reactor operating at different power levels indicates that neutrc
flux densities of up to 1¢10'® thermal neutrons/cm’esec and up to 7.6¢10'' fast neutrons/
cm?esec as well as a fluence of 1.6¢102° thermal neutrons/cm® and 8.5x 10*° fast neutrons/cm®
do not affect the output characteristic of the differential-transformer transducers. The fact the
the spread of the readings about the average value isup to*2 divisions (£12 ym) is explained by the
oscillations of the winding temperature, by the fact that the fixed positions are not completely
reproducible, by the instrumental error, etc. In the case of all of the transducers the
readings 17 corresponding to the lower position of the plunger remain stable (with an error
of +2 divisions)throughout the entire period of the investigations while the readings Iy
corresponding to the upper position of the plunger, and hence I, — I7 as well, grow with
the temperature. When the temperature correction is taken into account, however, the instabi.
ity of the readings does not exceed 2%.

Thus, during our testing of differential-transformer transducers in the nuclear reactor
we established that under the conditions described above their calibration characteristics
remain stable (to within #*2%). Since these transducers preserved their initial calibration

' characteristics to the end of the tests, we can assume that their total service lifetime
exceeds the real time of the tests, i.e., 4379 h. It cannot be ruled out that in an inert :
medium their operating temperature can be increased and they can be used in radiation fields
with a higher intensity.
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AUTOMATED MONITORING SYSTEM FOR THE TECHNOLOGICAL PROCESS
OF SEPARATION OF TRANSPLUTONIUM ELEMENTS
V. A. Bikineev, N. S. Glushak, V. V. Pevtsov,

A. N. Filippov, I. V. Tselishchev,
and V. I. Shipilov , ‘

UDC 621.039.59:66.012

In order to determine the content of a-emitting elements in solutions extensive use is
made of radiometric methods based on immersible silicon semiconducting detectors (SD) [1-5].
Detection blocks based on such SD are compact, simple to use, and are employed successfully
for rapid analysis of the activity of solutions during the processing of spent fuel [3] and
the separation of transplutonium elements (TPE) from irradiated materials [4]. The continuous
nature of the radiochemical processes of separation and purification of TPE necessitates the
creation of multichannel local systems for data acquisition and processing.

In this paper we describe a simple automated system for monitoring the technological
process of TPE separation; the system is based on a 15VSM-5 computer (Fig. 1) and contains
32 counting and 8 spectrometric immersible a-ray semiconductor detectors (Table 1). The
connection between the computer and the electronic units are made through an interface [6].
It forms words of the necessary length from a series of byte transfers from the computer and
ensures exchange of information between the digital units and the computer. The latter is
used with a 4-kbyte VZU 1530-17 external memory unit and a "Consul 260" printer. ;
The system operates in two modes: 1in a counting mode (two pulse counters for 32 chan-
nels) and in a spectrometric mode (one 512-channel pulse analyzer for 8 channels). The period
and cycle of the measurements are prescribed in a program by means of the computer, the BKI-01
timer, and the BKU-32 and BKU-8 controlled commutator units (see Fig. 1). When information
is accumulated from the counting SD, the signals travel through the PU-01 preamplifiers, the
BID-32 block of integral descriminators, and the BKU-32 unit to arrive at the input of two
24-bit BSchTs2-90 counters. The input pulses from the selected spectrometric SD are trans-—

TABLE 1. Parameters of Immersible Detectors¥*

*The SD casing — glass; working medium —

. _ Sufface- Silicon—
et | Sirzce | Bamier, it
arameters : tro- - [drift, spec~
countifig | SPECLE”  Imemtc’
Material n-type Si | p-type type Si(Li)
Sensitive area, 1—25 525 10,15 -
mm .
Operating -
voltage, V 1,5 2550 25100
Capagcitance, pF 50--500 10—30 - 5-10
Resistance of 100—250 100—250 1000
body, Q .
Range of activity |2.108—4-1019(4. 107 —5-1011/2. 107 —4. 1011
measured, Bq/
. liter :
Er;}ergy resolution,|  ~— 0,5-1 1,5-2
(-
Radi(ziltion mea- _ o @ a, B
Tetp. range, T | 2080 2060 20—25

solutions of nitric acid with concentra-
tion. of. 0.1-0.8 mole/liter.

Translated from Atomnaya flnergiya, Vol. 55, No. 3, pp. 179—180, September, 1983. Origi-
nal article submitted December 8, 1982.
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g

Counting detectors Specmomeric detectors - Consul 260

Fig. 1. Block diagram of the system: PU-01) amplifierj
BKU-32) and BKU-8) controlled commutator units; BKI-0L).
timer unit; BOZU-01) immediate-+access ‘memory unit; BOD-01)
data-display unit; BZU 1530-17) external memory unit; BPA
2-95) analog-to-digital converter; BSchTs2-90) block of
counters; BUS 2-95 and BUS 2-96) spectrometric amplifiers;
BID-32 block of integral discriminators.

{ v Mainframe trunk
Ltz Bls1s2 |warF £

X
L'ITS' ]—;{ cs | z

[ p;)_J”—”-{ AND |- | Aéil )

A i 1. Coﬁtroller
. {___ Trunk interface. Y \

L4

Fig. 2. Block diagram of controller: 1IS)
interrupt shaper; CS) CAMAC cycle shaper;
PD) pulse distributor; ACR) auxiliary-code
register, and AR) address register.

mitted through the BUS 2-96 preamplifier, the BKU-8 commutator built with hercons, and the
BUS 2-95 amplifier, after which they are converted into digital code by the BPA 2-95 analog-
to-digital converter and are stored in the BOZU-0l immediate-access memory which has a capac-—
ity of 512 16-bit words.

The continuous spectral distribution, consisting of characteristic steps in the region
of maximum amplitudes which correspond to the energy of the a-emitter, is observed with the
aid of a BOD-01 data display unit based on an Elektronika VL-100 commerical TV receiver [7].
The display shows graphical and digital information on its screen. The vertical scale is
512, 1024, .., 65,536 pulses per channel while the horizontal scale is 32 or 256 channels.
The address of the first channel, the current address of the marker, and the relative scale
of reproduction of the graphical information are displayed in digital form. The marker is
controlled by keys which move the marker by one address when depressed for a short time and
at an increasing rate when in the locked~in state.

In order to organize the analyzer mode with allowance for the limited speed of the
15VSM-5 computer we designed a simple mainframe controller (Fig. 2), which permits operation
with the digital units of the system according to the program with the computer as well as ir
an autonomous mode according to a firm routine for processing high-priority inquiries from
the BPA 2-95 and BOD-01 units. When an inquiry L1 or Lapc appears from the analog-to-digital-
converter signals from the output of the interrupt shaper (IS) trigger the CAMAC cycle shaper
(CS) and the pulse distributor (PD), which generate a certain sequence of CAMAC commands
(NAF, B signal, and strobes S1 and S2). 1In response to these commands the address is read
from the ADC along the buses W and the address-register (RA) and is then transmitted to the
immediate-access memory along the buses W with +. 1 added to the address. In response to
a command from the controller the unit should display a COMMAND RECEIVED signal X. The BOD-0:
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TABLE 2. ‘Results of Spectrometric Mea-

surements
Rel.

Solue el. content, %

tion | Elements | remote measure-{ laboratory
ment analysis

1 | 23Am 7,93+0,4 8,3%1:$
| 29Am 3,97+0,35 4,2+%:%
- 24Cm 88,1-+0,6 87,5+0,3
2 | MsAm ' 1,8920,4 A
BIAM 1,09+0,65 1,2+9.8
Jem | 97,2240,3 96,8+0,8

TABLE 3. hResults of Counting Measure-

ments
Specific activity, Bq/liter
-Solution | remote measure- | = laboratory
ment analysis
i (1,36:£0,13)-105 | (1,43:£0,07).108
2 (3,08+0,03)-100 (3,10+0,02) - 1020
3 (0,68+0,07)-407 | (0,67%0,04).10?
4 (4,622:0,46)- 1010 (4,6110,02)- 100
S ' ' :

unit displays an 12 or LBOD inquiry and the current address of the dbisplayed information,

;according to which data are transmitted from the immediate-access memory for display. Since

the servicing time of each inquiry is 3 usec, the increase in the dead time of the analyzer
as a result of the execution of the observation functions is insignificant. Sicne the BOD-01
unit makes it possible to observe 32 or 256 channels, in order to examine the entire spectral
distribution the current address of the displayed information is augmented with a constant
code which is prerecorded in the auxiliary-code register (ACR) of the computer.

The dataare displayed as follows. From the counts of the channels, the calibration coef-
ficients are predetermined using a solution of the specimens and are recorded in the computer.
The specific activity of the measured solution is determined from the product of the measured
a-particle counting rate and the corresponding coefficient.

The Spectrométric information is processed by using the method of digital windows which

.are established at every step in the amplitude distribution of pulses from the immersed SD.

The relative specific -activity of each component is determined from the drop between steps.
The program makes it possible for. the digital data about the specific activity of the solu-
tion to be provided sequentially for the channels of the analyzer, thus permitting visual
observation of the variations in ‘the technological process.

As an example Tables 2 and 3 present some results of remote measurement of the param-
eters of technological parameters by means of this system when monitoring one process
of separation of transplutonium elements and-laboratory analysis of specimens. When the data
obtained by these methods are compared, it is seen that they agree within the limits of
the indicated error of measurements. .

The results presented here suggest that this system possesses fairly broad capabilities
for rapid monitoring of the processes of separation of transplutonium elements by the extrac-—
tion technology since it can provide information about the course of continuous technological
processes without taking samples and thus to adjust the necessary parameters at the proper
time.
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NEUTRON GENERATION IN A HIGH-VOLTAGE GLOW DISCHARGE

L. N. Pustynskii o S . , UBC 621.039.531

A high-voltage glow discharge (HGD).in deuterium in the region of a working potential
. of v0.2 MV allows intense neutron fluxes to be obtalned {17. In the present work, the neutron-
yield is. calculated in the excitation of the reactions T(d,- n)"“He and D(d, n) He in thick
titanium targets with occluded tritium or deuterium-bombarded by fast automatic and molecular
ions accelerated in the region of the cathodic: drop in HGD: potential.

If a target w1th a nuclear concentration n of one of the heavy hydrogen 1sotopes is
bombarded by particles of type i with energies in. the range from T to T +dT and a flux den="
sity 4T; (T), then the number of neutrons emitted from unit surface of‘the target in unit time
is » .

T
dN; = ar; (T)S o)

U

|dW/dz1dW o I (1)

Here 0j{w) is the energy dependence of the total reaction cross section for particles ij

| {dw/dx}i is the specific energy loss by particles i in the target. By definition
| dr'y (T)— @ (T) aT, | : (2).

where ¢1(T) is the spectral demnsity of the flux of particles i at the target surface. The
method of calculating ¢{(T) for the HGD in deuterium was considered in detail in [2]. Sub-
stituting Eq. (Z) into Eq. (1), and integrating over all possible values of the energy T
for i particles, it is found that :

Thvax T )
na; (W)

Ni-_~ S (hi (T) SW dW dT. . (3)
0 [

Summing Eq. (3) over all. forms of neutronlike particles (pt, ot, pt, and D), it is found that
Ny= 3 N, ' ()

It is assumed that, on entering the target, molecular particles dissociate into atomic ¢ofm-
ponents with the velocity of the molecular particles.  The specific energy losses in the
solid do not depend on the charge state of the incident particles, since, on passing through

eV s cm?/
nucleus

o _ Fig.. 1. Deuteron retardation cross
10 M 40 1600 200 section in titanium targets with oc-
Deuteron energy; keV cluded deuterium or tritium.

\\l\,:,.@
T

E\
v

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 180-182, September, 1983. Origi—
nal article submitted December 9, 1982.
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- Fig..2. Excitation functions of the
.reactions T(d,.n)“He (continuous

{curve) and D(d, n) *He (dashed curve) -
in titanium targets.

a few atomlc layers of material, a charge equilibrium determlned solely by the particle veloce-
ity is established in the partlcle flux [3]. Therefore, instead of individual types of
particles i, the total spectral flux of the deuteron flux ®Z(T) with the correspondlng energy
dependence may be con31dered Then Eq. (4) is: written in the form

max

5) s (T) Sldwu =1 2T o !

The excitation functlons of the reactlons D(d, n)3He and T(d, n) He are calculated u31ng the

well-known experimental dependences of the cross sections of these reactions on the energy
.of the 1nc1dent deuterons [4]..

If the energy loss of the deuterons on.passing through a target layer of thickness dx is

"the sum.of the energy losses at titanium atoms and the correspondlng hydrogen 1sotope (Bragg
rule), then :

et e | - (6

The retardatlon cross sections at titanium atoms €ri and atoms of the heavy hydrogen isotope
e (taken to be that for protium) are calculated from the empirical formula [5]

dW _ av--bo? v
T T O00AB e | = 7

where v is the proton velocity, 10® cm/sec; a, b, ¢ are constants -characterizing the target
material. The accuracy of Eq. (7) was estimated in [4] as 10-15% for protons of energy be-
tween 5 keV and 50 MeV. The energy dependence of the deuteron retardation cross section

S —(l/n)l(dW/dx)| in titanium targets with an atomlc ratio JH/Tl =1.65 (j =2.3) is shown

in Fig. 1 and the excitation functlon

Y(T):j[ z —‘121” aw

of the reactions D(d, n)>He and T(d, n)“He in such targets in Fig. 2.
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Calculations show that, in the working-potential range 80-300 kV, 70-80% of the neutrons
are produced by atomic ions, while the neutron field from T—Ti targets is 270-300 times higher
than from D-Ti targets, other conditions being equal. For verification that the model is
adequate and comparison with experiment [1], the neutron yield is calculated for the reac-
tion D(d, n)>He from the experimental dependence of the werking potential on the time. The
total yield is found to be three times less than the measured value. Taking into account
the unavoidable errors in the cross sections of the elementary processes in the model of
12] and the one-dimensionality of the model, such agréement is somewhat unexpected, since the
yield of the reaction D(d, n)®He is extremely sensitive to the deuteron energy (see Fig. 2).

With constant pressure in the discharge chamber the dependence of the neutron yield on
the working potential U may be represented approximately -as N~U>"2, i.e., increases signifi-
cantly more rapidly than the excitation function of the reaction (Fig. 2). This is due to
two factors: The discharge current density increases with increase in U: - I1~U%"® [1, 2];
the mean deuteron energy -over the spectrum T increases more tapidly than U, on account of

- the fall in recharging cross section with increase in deutersn energy.

A power- law dependence of the neutron yield: on the pressure is also observed p =(0.9~
2.15) 107 mm Hg U is. a constant, which may be expressed in the form Nzlup . With in-
crease in pressure, there is not only an incredse in discharge current (I~p2"% (1, 2]), but
also the deuteron energy spectrum at the cathode becomes harder as a result of decrease in
the reduced length pd of the region of cathodic drop im HGD potential and the reduction in-
mean number of rechargings. Therefore, further experimental investigations are necessary in
order to resolve the question as to whether increase in pressure or increase in potential
is preferable as a means of increasing the neutron yield, since a maximum of the neuttron
yield has been found experimentally [1l] as a function of the wotking potential and pressure.
The presence of such a maximum is due to the finite electrical strength of the cathode ele-
ment, which is the weakest component of the dischargeée tube.

Calculations confirm the conclusion of {1] that a neutren flux of > 1GL5neutron/sec
may be obtained using a HGD in deuterium at 200 kV, if the reaction T(d, n)“He is excited.
This flux may be increased by an order of magnitude by increasing the working potential to
300 kV, without change in pressure in the tube, if the necessary electrical strength of the
insulator surface in the cathode region is malntalned since the electric field af the cathode
is no more than 100 kV/cm.

It remains to thank A. F Surln for assistance in developing the algorithm forvnumerical
solution of the HGD model. ‘ :
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TWO-PARAMETER REPRESENTATION IN THE BINARY-COLLISION APPROXIMATION
OF THE CROSS SECTION OF ATOMIC K IONIZATION BY A HEAVY CHARGED
PARTICLE

V. F. Volkov, S. A. Gerasimov, ' UDC 539.186.2
and A, N. Eritenko :

. The ionization cross sections of K-shéll electrons have been calculated in a number of
works in the binary-collision (BEA) model, on the basis of hydrogenlike [1, 2], Slater [3],
and self-consistent [4-6] one-electron wave functions describing the 1s state of an electron
in an atom. 1In [3], the influence of the type of electron distribution with respect to the
momentum on the energy dependence of the ionization'crosé section was investigated, and it
was concluded that the use of the correct wave functions improves the agreement of the experi-
mental and theoretical results. The calculations of the ionization cross section using self-
consistent wave functions were performed in most works for ‘a limited number of target ele- '
ments and a relatively narrow range of incoming-particle energies, and represented, ingeneral,
in graphical form. All this complicates the use of the calculation results already obtained
in analyzing experimental data. ) : : :

The aim of the present work is to obtain a universal scale dependence (analogous to
that in [2]) determining the ionization cross section of the atom when using parametrized
self-consistent wave functions. In the present work, this problem is solved for the ioniza-
tion of K-shell.electrons, -described by the wave functions of [7-10]. The. results given
below are valid for any radial single—electron wave functions that may be represented in
the form ' ' :

W,szzexp(—-.ya_ro.)‘. . | | . (l.)

TABLE 1. Values of the Universal Scalar Dependence SK(T, B)

B
T
0,5 0,86 0,7 I 0,8 l 0,9 I 1,0 1.1 1,2
1,003 3,73—5 8,956 2,66—6 9,237 3,697 1,577 7,36—8 3,68—8
1,59—3 1,784 4.40—5 1.30—5 4.56—86 1,80—6 7.80—7 3,737 1.86—7
2,513 8,234 2.06—4 6,40—5 2,935 8,856 3.86—6 1,82--6 9127
3,98-3 3,67—3 9,56—4 2,994 | 1.07—4 4,38—5 1,89—5 | 8,98—6 4.53—6
6,31—3 1,56—2 4,253 1.38—3 | '5.06—4 2,074 9.20--5 4,475 2,265
1,00—2 5.97—2 1,812 6.06—3 2.31—3 9.68—4 4.38—4 | 2.12—4 | 1.09—4
1,592 2,091 6,872 2,56—2 1,022 4,373 2,03—3 1,00—3 5,924
2,512 6,491 2.39—1 9.53—2 4,08—2 1.90—2 9.17—3 4593 2,443
3,98—2 1,75 7.32—1 3.24—1 1,511 7.37—-2 3,76—2 2,042 1,122
6,31—2 4,27 1.94 9.60—1 .| 4.93—1 2,611 1,43—1 8.03-—2 4.64—2
1,00—1 8.31 4,41 2,44 1,43 8,05-1 4,771 2,881 1,77—1
1,591 1,461 8,55 5,21 3,26 2.08 1.35 8.85--1 6,06—1
2,511 2,201 1,40+1 9,31 6,35 441 3.10 2,21 1,59 .
3,981 2.864-1 1.83+1 1,381 1,00-1-1 7,48 5.65 4.32 3,33
6.31—1 31841 2.26--1 1.6841 1,291 1,01-11 8,04 6,49 5.00
1,00 3,051 2,23+1 1,7141 1,361 1,101 9,06 7,59 6.42
1,59 2.56--1 1,901 1,49+1 1,201 9.91 8,36 715 6,20
2,51 1,93-11 1.4541 11411 9,29 7.76 6,62 5,73 5,03 .
3,98 1,351 1,021 8,04 6.58 5,53 4,74 4,13 3,64
6,31 9.02 6,80 5.38 4,42 3.72 3.20 2.79 2,47
1,0041 5,87 4,43 3.5 2.88 2,43 2,09 1,83 1,62

Note. The values of T and Sg(T, B) are given in floating-point form: for example,
3.73—5=3.73210"%; 1.46 +1 =1.46+10", etc.

Translated from Atomnaya Energiya, Vol. 55, No. 3, pp. 182-183, September, 1983. Origi-
nal article submitted December 28, 1982.
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TABLE 2. Coefficients A7y

I m

1
1 2 | 3 4
1 |-1,6401 - —19,5481 4,3163 1,0022
2 2,5526 2,1828 -1,1294 0,2555
3 |-6,7861-10-3}—0,2007 0,3542 —.0,4899
4 |-4,4739-10-2] 6,2682.10-2 1-,3289-.10-3 0,1133 i
5. 2,4598-10-3{—1,2106-10-2|—1, 7717 10-3|—1, 2684 10-¢] -
6 §—9,2936-10-% 7,7271. 104 -1 8168 10-4| 6, 2660 10—

Here ao is. the first Bohr radius; A is a constant which may be found from the normalization:
- condltlon . values of the constant y for various atoms. and for the Clementl—Ralmodl and Gombas-
Szondy functions may be found in {8-10]. )
) ‘For Slater orbitals, the screening constant s is determined from the Slater rule and
the nuclear charge of the target Z;: vy =Z — s.- For hydrogenllke atoms in the classical
[11] BEA approximation, the parameter Yy, equal to the effective nuclear charge of the. target,
is determlned for the given subshell from the relatiom

v=Bny | o

where n is the principal quantum number of the subshell; Ry is the Rydberg energy constant;
U is the binding energy of the given electron. In the BEA approximation, the ionization is
described using the expressions of {12, 13], which are valid for atomic ionization by a
heavy charged particle and are expedient for analytical and numerical- calculations.. .Scaled

results of calculating the ionization cross sections may be performed taking account of the
dependence on the quantities

T =E AU (3).
and
B=2U/myy%a?c?, . (4)

|  where E, is the kinetic energy of the incoming-particle; X =M,/m, is the mass ratio of the
| incoming partlcle and the electron; « is the flne -structure constant; ¢ is the velocity of
light.

| For all target atoms with Z, <87, B varies in the range 0.5 <8< 1.2. The dependence
L of the ionization cross section ¢ on T and B and the charge of the incoming particle Z, may
be written in terms of the universal function Sg(T, B)

o= 20 sk (7, p). (5)

Values of Sg(T, B) as a function of T and B obtained in the binary-collision model are
‘ shown in Table 1 in units of 10‘2°vcm2'keV2. The particular case when B=1, as follows from
Eqs. (2) and (4), corresponds to calculation in the classical BEA approximation using a

- hydrogenlike wave function of the ls state of the electron in the atom.

The tabulated values of Sg (T, B) are not always expedient in practice. Therefore, with

an error of less than 10%, the follow1ng approprlate expression may be used in the: range
34107 <T<10:

Sk (T, B)=exp 2 2 AimB™11Inl-1 (1,01.1037), (6)
. I=1 m=1

which is obtained by approximating the tabular values of SgR(T, B). The coefficients Ajp
are given in Table 2. The results obtained may be useful in solving a series of problems
associated with describing the K-electron ionization of an atom by heavy charged particles.
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FEATURES OF A RADIOACTIVE FLOW IN A PIPELINE

G. Yu. Kolomeitsev, I. E. Nakhutin, , UDC 539.16.04
and P, P. Poluéktov :

When a radioactive gas moves along a pipeline; electric fields are produced near the
wall because of the differences in diffusion speed between the different types of ions
during recombination at the surface. This may have a substantial effect on the distribution
of aerosol particles over the cross section and on the deposition on the wall.*®

We consider the electric fields arising in a gas flowing between two planes separated
by a distance 7. Pairs of ions of two kinds are formed uniformly over the volume by radio-
active decay: type i with charge e and type e with charge —e. 1If the specific activity
of the gas is A, while one decay generates Z pairs, then g =ZA ions of each sign arise in
unit time in unit volume. We assume that the ions recombine at the surfaces, not in the
" volume (an inequality governing this is given below). The current due to ions of either
type is the sum of the diffusion and drift. currents, but the drift current can be neglected
over a wide range in specific ac:tiv:i.ty.'r

‘With these assumptions, the spatial distribution of the ions is found by solving the
diffusion equations with sources for the densities niy and ng of the two types of particles

supplemented by boundary conditions at the surfaces_ jk|x—, 1 =1unrim lx—0. 1» Wwhere the x axis
is perpendicular to the surfaces, k is unit vector normal to the surface and directed into
the volume, J-JEQ)—-—-DdQ ¥ %etp 1s the diffusion current, and % is the surface recombina-

tion coefficient.t The electric f1eld is found by integrating Poisson's equation. The solu-

tion takes the form
e g () (=) [ (- 2) ]

where b"]/f[)Dﬂa . The maximum ion concentrations m. max =Dainb occur at points half

)

D'ene=Dini= ——;— (z._.i)

“pAlthough these topics-are olviously important, they appear not to have been considered
previously (see [1] for example).

TThe case where the drift current is important has been considered in [2].

t+Boundary conditions of this kind are obvious for insulating surfaces. They can be used for
a metal if the time of charge tunneling through the oxide layer at the surface is greater
than the recombination time for a pair. Other boundary conditions do not greatly complicate
solution of this linear problem.

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 183-184, September, 1983. Ori-
ginal article submitted January 24, 1983.
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way between the planes, while the maximum field

. _ _ l a 12
me=4m|Dil—D¢1|7(b—€-&-)
occurs near the surfaces. It is characteristic that no field occurs if D[::De , but usually
| Di and D differ substantially: For example, if the carriers of negative charge are electron
: then D,> D;. '

We assume that for gases under normal conditions D; =~ 0.3 cm?/sec Di"'— D:' ~ Di'; 1 = 10cm.,

% To estimate % we use the fact that the number of ions moving towards the surfaces is equal
| to the number of ions that recombine there: um.n; = fngn;, , where the subscript n denotes the
surface ion density, with a number equal to the number of ions adsorbed in unit time from

‘the flux of incident particles; ~A/Brapvapn: » Where nyp, vep o are the values of the demnsity

" and average velocity of the ions'néar”the surface, and ngpn-=;6d”ndﬂ==%ﬁ%ﬂ2-vdﬂ.; with
f . ’ - . . el . - .
% > the probability of attachment of an ion to the surface and Y« the rate of ion desorp-
tion from the surface. Then =z = B5.5; and estimates give ae =1, v~ 10-*—10"% [3] (it is

assumed that y=10"% sec) and vep =~ 3:104 cm/sec, Z=100. Then &qp = 10~ cM, x =~ 10-10 cm* -sec”l,

The terms in b are of the same order for A 10~% Ci/liter (1 Ci= 3700x 10*° Bq), and in that
case Epay ~ 540° V/cm., For decreasing activity, the field decreases as VA.. For example,
for A ~10-7 Ci/liter we get-  Enyy ~ 50 V/cm,

The above argument applies if we neglect ion recombination in the volume and assume that
the drift current is small by comparison with the diffusion one. It is then necessary to
obey the following inequalities: ‘

ani max®e max La

a -
Detw| |, > Ere @ bze

The treatment can be extended to cases where one incorporates bulk recombination and ion
drift in the electric field, as well as secondary ion and electron emission from the surface,
while one can refine the boundary conditions and include diffusion of the neutral atoms (an
inhomogeneity in these arises from recombination at the surfaces).

Aerosol particles acquire charges in a radioactive atmosphere, which are determined by

" their properties and the characteristics of the medium. The situation is best defined for ]
hot radioactive particles, whose charges have been examined by Petryanov and his school [1]:
Hot particles, no matter what the nature of the emitter, are positively charged, and the
charge increases with the particle size; the charge can be very considerable. For example,
a particle of radius 1 um bears a charge of 100e, if its activity is about 107® Ci. A ma-
croscopic particle having a charge coincident in sign with the uncompensated charge in the
gas flow is acted on by forces directed towards the wall and vice versa., Particles of the
first type will be deposited rapidly on the wall, while those of the second will be focused
at the axis, where they coalesce and are deposited. This means that the electric field near
the wall in a pipeline produces dust deposition. For example, in a pipe of diameter 10 cm
particles of radius 1 um are deposited on the wall by diffusion in about 10° sec in the ab-
sence of electric fields. The above field estimates indicate that with an activity of about
10~2 Ci/liter the drift vélocity for a particle of radius 1 um is of the order of the diffu-
sion velocity (about 0.1 cm/sec) and the deposition time is smaller by three orders of mag-
nitude, . '

Therefore, strong electric fields (sometimes up to breakdown level) arise in pipelines
at high specific activity levels, and these cause rapid deposition of aerosol particles on
the wall and may improve the performance in nuclear power station cleaning systems such as
filters under emergency conditions. '
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METHODS OF MEASURINleoB BURNUP IN REACTOR ABSORBING COMPONENTS

V. P. Koroleva - . ’ - UDC 621.039.519:621.039.562
and P. S. Otstavnov ' '

The large thermal-neutron abosrption cross section of '°B means that it is used as one
of the basic materials for reactor control rods. ‘During the use of the absorbing rods, the
°B is burned out unevenly.. The rod performance then alters. However, a fairly high content
_of the isotope still persists in some parts, and so the rods can - be further used.

This makes methods of measuring '°B burnup important.

. Here we ekamine the determination of '°B by methods based on the nuclear-physics proper—

ties of the boron isotopes or of the products from the reaction of '°B with neutrons as used
in measuring burnup in reactor absorbing rods. We have considered about 70 papers, and
references are given to some of them. ' ' : ' : :

The following methods were examined:

1) neutron transmission by the medium or néutron backscattering from it followed by
recording [1]; :

2) measurement of the 10p/1ip concentration ratio by mass spectrometer before and after
neutron irradiation {2, 3];

3)‘recording the products from '°B(n, a)7Li, i.e.; the a particles and the lithium nuclei
during neutron irradiation [4];

4) determination of *°B burnup from the amount of helium formed in the medium [5];

5) determination of *°B burnup from the amount of lithium formed during neutron irradia-
tion [6, 7]1;

6) activation analysis [8]; :

7) 8) prompt y-ray recording a-particle bombardment with neutron or y-ray recording [9];
and from the “Li formed by the interaction of neutrons w1th 1% [10, 11].

The following points may be made from the papers and the analysis of these methods.

Virtually all the methods that have been used to determine boron in media with small
enrichments in *°B (< 1%) can be used to measure '°B contents in absorbing rods. The effects
of possible interfering impurities must be borne in mind.

When the '°B/''B ratio is measured with a mass spectrometer before and after irradia-
tion in order to determine '°B burnup in absorbing rods, it is necessary to allow for the
change in the '*B, sincée the concentration of th1s does not remain constant during the opera-
tion of an absorbing rod.

It is impossible to determine *°B burnup from the amount of 1lithium formed since the
existing methods of collecting the lithium do not provide complete collection at the points
of formation because of features of the behavior.

It is difficult to determine *°B burnup from the amount of helium formed because of
the high mobility and fluidity of helium, and also because there are neutron reactions on
198 that do not involve the formation of a particles, while there are ones on impurities
that do produce o particles. Therefore, the method cannot produce reliable results.

The best methods are activation analysis and recording the prompt Yy rays produced by
neutrons reacting with '°B as regards the minimum effects from interfering impurities in
determining '°B contents in absorbing rods.

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 184-185, September, 1983. Origi-
nal article submitted January 24, 1983.
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Of all the possible methods, nondestructive analysis is possible only by recording the

prompt Yy rays from the excitation of “Li in the reaction *°B (n, o«)’Li.

BN =

0~ O W

10.

11.
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AN EXAMPLE OF THE LARGE EFFECT OF ENTRATNMENT OF NEUTRONS
BY MOVING COOLANT ON THE CRITICAL STATE OF A REACTOR

A. A. Kostritsa - UDC 621.039.5

Entrainment of neutrons by a moving medium is significant’'in the region where the
moderator flows into the active zone or, vice versa, in the part of the active zone where
the moderator leaves it. In a symmetrical reactor, flow of neutrons’at the inlet of the
coolant into the active zone can be suppressed by increasing the flow at the outlet of the
coolant. When the coolant flows straight through a cosinusoidally distributed neutron flux,
the influence of ‘entrainment of neutrons on the reactivity is not large, as was shown in
[1], and, apparently, it is rarely accounted for. For very high coolant velocities the
effects described in [2] should occur, but such velocities are not’ yet used in practice.

If the properties of theé upper and lower reflectors differ [3] and the fuel is distributed
unsymmetrically in the active zone or an asymmetry of the neutron flux arises in the course
of xenon oscillations [4], then the effect of entrainment of neutrons on the reactivity can
be significant. An.ideal reactor could consist only of fuel and moving moderator and be
regulated by neutron entrainment, if asymmetry did not conflict with the concept of an ideal
reactor. We shall examine a model of the usual reactor with a uniform distribution of fuel
and symmetrical end-face reflectors. :

We shall show that in a high-flow stationary reactor with a large concentration of xenon,

entrainment of neutrons by the coolant within the limits of coolant velocities encountered
in practice has a considerable stabilizing action.

We shall examine the stationary state of a thermal reactor in the two-group approxima-—
tion. We shall denote the density of thermal neutrons by N, and the density of moderated
neutrons by n. In the model presented, the moderator is identified with the moving coolant;
the reflector contains only coolant; the active zone contains, in addition to coolant,
stationary fuel, distributed homogeneously over the active zone together with the absorber;
the reactor is flat; the reflectors are infinite; and, the age of the thermal neutrons T is
the same in the active zone and in the reflector. We shall denote by ¥ the ratio of the
neutron absorption cross section in the fuel I, to the absorption cross section in the
moderator Lyps Y 1s constant in the active zone and in the reflectors ¥=0, n is the number
of secondary neutrons per neutron captured in the fuel. The system of equations for n and N
has the form

dnjd—nfv4n (¥ft) N=0; o

d2N jdz?—LdN/Ldz—(1+ Y+ 2af [Z2am ) N/L2 4+ n/L2=0. _ (2)

Here.z, l/?,, and the diffusion length of the moderator L refer to the half-width of the
active zone; in the active zone, 1 <z<<1 ; ¢ is the ratio of the displacement of neutrons
by the flow uTo to the diffusion length in the moderator 2Z,=1 DT, where 7T,=1/Z,m; D is

the coefficient of diffusion of thermal neutrons; u is the effective velocity, somewhat less

than the velocity of the coolant (see [1, 2] or [4]). Usually, ¢ is small. For light water
{~04  1if u~13 m/sec. To simplify, we shall assume that ¢ is the same in the active zone
and in the reflector. The absorption cross section includes the cross section for capture
by xenon and the cross section an of the regulating (or some additional) absorber. The
stationary xenon concentration equals

00642 _ o opa 2L 1 ' (3)

Xe= T oxe® oxe 11 Axe/oxe®

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 185-186, September, 1983. Ori-
ginal article submitted January 24, 1983.
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Fig. 1. Stablllzlng 1nfluence of entrainment
of neutrons by the moderator on the reactor
power inthe vicinity of the fuel concentration ¥,

" ensuring crltlcalltyw1th Xe(@ =or: 1) 7 =0.1;

©2) £=06.2. ) )
Fig. 2;_=C0mbined'effect of ‘the regulator and
entrainment of neutrons by the moderator on
the reactor power with = 0.1 (1), 0.2 (2).

* where Is is the f1551en Cross sectlon, Agxe is the decay constant of xenon nuclei. For large.
neutron fluxes ¢, we shall write approximately - )

Sxe= Xeoxe = 0.064Z, [1 - (}‘Xe oxe®). - _ - %)
_Thgn .
_ _ (5)
zan(zém =0.02560¥ (1—7/N)+ ZITQ/E.am
where. VEEEE%%%R_; N* is the scale of the density of thermal neutromns to which N.in Egs. (1)

and (2) is referred. We shall set @* ~ 101 neutrons/ (cm®-sec). Then vy~ 0.063. In order
for assumption {(4) to be valid, we shall examine only solutions in which N in the active
zone is several units and more, so that y/N<107®>. Further, in the numerical calculations,
we set L/)/T = 05, n=1.4, L= 015

We shall denote the value of ¥, which makes the reactor ecritical with y= 0 and Zpno, by
Yo».. We shall denote the coordinate-independent component of the absorber in Eq. (5) by w
and, in addition, we =0.0256n¥. In Figs. 1 and 2 the ratio of the reactor power w calculated
withg =0 to ‘the power with ¢ #0 is marked along the ordinate axis.

Figure 1 shows the dependence of w on ¥ for ¥< ¥,. 1In this case, w= ww. The stabilizing
effect of neutron entrainment on the reactor state as ¥~ Y, is clearly evident. For ¥ = ¥,
and = 0, the state would be supercritical, while for z# 0, the reactor could be in a station-
ary state (for very small excesses of ¥ above ¥,. The latter circumstance could be of in-
terest in examining reactor stability,

Figure 2 shows the dependence of w on the excess of the absorber cross section abeve
the value of wy, at ¥= Yo.. In this case, the regulating effect of the absorber and the
entrainment of neutrons by the moderator appear together in the narrow range of weakly
controllable (small) variatioms in the absorber near the dangerous value we. In the case of
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a heavy-water moderator, w depends on ¢ more strongly than for light water.

Thus, within the framework of the model used, the deviations of the absorption of xenon
from the limiting value at 9= o have a considerable effect on reactor power, but neutron
entrainment under these conditions appears as a considerable stabilizing factor. We have
been talking about the stationary state. A change in the velocity could give rise to a
transient process according to the following scheme: increase in ¢+ decrease in ¢ growth.
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HEALING OF TRACKS ON THE SURFACE OF ALKALI GLASS .

V. F. zelenskii, Yu. A. Gribanov, . . . ypc 539.1.074
V. V. Mozgin, and V. F. Rybalko ' . R o

It is well known that tracks of nuclear f1551on fragments in mica and glass are very

that the tracks would have high temporal stability at T ~ 300 °K and »4~1 MPa. According to
estimates in [1], the healing time of tracks in these materlals under normal conditions -
must be n10°-107 - years. : .

However, it was soon dlscovered that for alkali glasses, appreciable healing of tracks’
is observed already after one year of holding them under normal conditions [2]. The heallng
was observed by the decrease in the diameter of grooves produced by etching when the holding
time between the time at which the glasses were irradiated and the time at which they were
etched increased. Thus, - in glasses etched after holding for 10 months, the diameter of the’
etching grooves was 20% smaller than for control specimens irradiated immediately prior to
etching. 1In studying tracks after annealing at temperatures of 500-800°K, it was established
[3] that the rate of healing depends appreciably on the pressure of the medium above the
surface of the glass. When the pressure varied from atmospheric to 10-2 Pa, this rate
decreased severalfold and, in addition, the largest change’ in the rate occurred in the
pressure range ~10-10° Pa. In {31, accelerated healing of tracks was related with the
mechanical effect of atmospheric pressure on near-surface layers of glass and, in addition,
attempts were made to generalize this conclusion to all materials.

It has been proposed {4] that all observed characteristics of track healing [2, 3] are
related with the chemical action of the gaseous medium on the glass surface, since it is
known {5] that alkali glasses interact actively with the components of the medium. To
check this assumption, the change in the rate of healing was studied as a function of the
depth (distance from the glass surface), duration of holding of the glasses between irradia-
tion and etching, and composition and pressure of the gaseous medium.

We irradiated specimens of alkali glass with dimensions 10x 10x 1 mm by fission frag-
ments using the isotopic source 2°?Cf, emitting, n2:10° fragments/sec into a solid angle
2m. We conducted the irradiation at room temperature and atmospheric pressure. The duration
of irradiation of each specimen was 20 min. To reveal the tracks, we etched the glasses in
a 2.5% solution of hydrofluoric acid. We observed healing of tracks by comparing the diam-
eter of the etching grooves in the specimens studied, subjected to holding after irradiation
under the given conditions, and in control specimens irradiated immediately prior to etching.
To guarantee identical conditions, we etched, washed, and dried the specimens studied and
the control specimens simultaneously in a special holder.

Translated from Atomnaya ﬁnergiya, Vol. 55, No. 3, pp. 186-188, September, 1983. Ori-
ginal article submitted April 8, 1983.
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Fig. 1. Dependence of d/do on the etching time for
specimens held after irradiation under standard at-
mospheric pressure for 300 h (0) and 1000 h (e).

Fig. 2. Dependence of d/de on the. etching time for
specimens held in an atmosphere with 100% humldlty
for 150 (o), 386 (e), and 1000 h (4).

. 7, rel, units

- Fig. 3 Fig. &4

Fig. 3. Dependence of the track diameters on the
etching time for the control specimen (®) and a
specimen held 300h in the atmosphere (©).

Fig. 4., Change in the line intensities in the mass-
spectrum of thermodesorption from the surface of glass
with annealing: x) change in the glass temperature in
the anneallng process; @, A, and 0) line intensities
of ot, OH", and H,0%, respectively.

To obtain data on the rate of healing of tracks at different depths, weused the method
of layer-by-layer etching. The etching time required to remove one layer was 10-15 sec. We
studied the surface after each etching with the help of replicas, observed under an EMV-100L
microscope. The total etching time did not exceed 2 min.

We constructed the dependences d/de= f£(t) and d(t), where d and d, are the average
values of the diameters of the etching grooves on the specimens studied and on the control
specimens, respectively, from the microphotographs of surfaces, obtained from the specimens
studied and from the control specimens; t is the etching time. These dependences were ob-—
tained for three series of irradiated glasses (nine specimens each), differing by the holding
conditions after irradiation.

We held the specimens in the first series in air at 300°K under standard conditions.
We likewise held the specimens in the second series at room temperature, but in a medium witl
100%Z humidity. We held the third series of specimens after irradiation in liquid nitrogen
under atmospheric pressure. We stored all control specimens prior to irradiation at room
temperature under standard conditions. After holding for 150, 300, and 1000 h, we subjected’
three specimens from each series to layer-by-layer etching.

The dependences d/do= f(t) for specimens in the first series are shown in Fig, 1 and
for specimens in the second series in Fig. 2. The following general characteristics are
evident for both series of specimens:

After the first etching, the dimensions of the grooves on all specimens are. 1,5-2 times
smaller than on the control specimen;

with further etching, the diameters of the etching grooves on the specimen studied and
on the control specimens gradually become equal.
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The first circumstance is convincing proof of the presence of the track healing process,
occurring in the near-surface layer of glass; in addition, an estimate shows that in our
case, the rate of healing is 30-40 times higher than in [2].

It is evident from Figs. 1 and 2 that for holding times exceeding 150 h, the diameters
of the etching grooves remain practically unchanged with increasing holding time up to 1000 h.
This means that the healing process proceeds mainly over a time less than 150 h. In addi-
tion, the high rate of healing is characteristic only for a thin near-surface layer of glass
and drops rapidly with increasing distance from the surface. The presence of the layer which
inherently has a high rate of healing of tracks is illustrated well in Fig. 3. It is evident
that on the control specimen, the diameter of the tracks increases practically linearly with
increasing etching time. The rate of etching of tracks on the surface of the specimens
studied during the initial etching period is approximately two times smaller than for the
control specimen. After 30 sec of etching, the rates begin to equalize and, then the curves
d(t) and do(t) are practically parallel. The displacement of the curve d(t) relative to
do(t) indicates the presence of a layer with finite thickness, in which healing occurs.
Having determined to, (see Fig. 3) and having measured experimentally the rate of etching
of glass, it is possible to find the thickness of this layer, which turned out to equal
350-400 g (L A=10"*° m). It is independent of the medium in which the specimens were held
as well as time. The high rate of healing in this.layer 1is apparently related with the
relatively high mobility of particles in it. This is confirmed by the fact that in specimens
placed in liquid nitrogen for 100 h there were no signs of healing.

‘It is well known that a film of silicic acid with a thickness approximately up to 10° Z
forms on the surface of alkali glasses as a result of interaction with water vapor and oxygen
in air [6]. Its characteristic property is the considerably higher mobility of molecules,
owing to the presence of broken bonds in the silicon oxide network. In addition, an indicator
of the number of broken bonds and the corresponding degree of mobility of particles in the
£ilm is the concentration of the radical OH in it [7]. Dehydration of the films must decrease
the mobility of particles, which will be reflected in the rate of healing.

It may be assumed that the surface layer on the glass, in which‘accelerated healing of
tracks occurs, either represents a film of chemical origin or its healing properties differ
appreciably from the deeper layers.

To solve the problem, we performed additional experiments, comparing the rate of healing
in ordinary glasses and in glasses from which the surface film was removed either by etching
in a standard etcher for 1 min followed by careful washing or by annealing the specimens in
a vacuum (2.6°107* Pa) at T= 800°K for 1 h.

We irradiated glasses worked in this manner together with glasses not subjected to
working and held them in a vacuum 2.6+107% Pa at 300°K for 300 h. After this, we etched the
specimens together with the control specimens ¢unworked glasses, irradiated immediately prior
to etching). We compared the rates of healing of tracks after etching for 15 sec, when the
healing effect must be strongest. We observed healing of tracks in glasses with a starting
film after holding in a vacuum for 300 h, although the rate of healing was approximately 1.5
times slower than in air with the same holding time. No signs of healing were observed in
glasses from which the surface film was removed first (independent of the method used). After
control measurements, it was established that immediately after irradiation, the rate of
etching of tracks on the glasses with different surface preparation is the same.

Analogous experiments with holding of irradiated specimens with and without a surface
film for 300 h in a medium of pure helium at 300°K and p=1 MPa showed that healing proceeded
in specimens with a film in helium with the same rate as for holding in air, while in
specimens without the film, no signs of healing were observed. The results of these exper-
iments indicate that accelerated healing of tracks is due to the presence of the surface
film. To obtain data on the nature of this film, we performed a mass—spectrometric analysis
of the composition of the products, desorbing from the surface of the glass during annealing
in a vacuum at 800°K. It is evident from Fig. 4 that with heating up to 800°K and subsequent
holding, the intensity of ot, ont, H,01T lines increases and, in addition, the behavior of
the curves I(t) is characteristic for the rate of desorption of water. Since the intensity
of H,0T lines practically does not exceed the background level after annealing for 1 h, this
means that the surface film was dehydrated, which, as already mentioned, must lead to a
decrease in the mobility and, correspondingly, to a sharp decrease in the rate of healing of
tracks.
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Thus, the reason for accelerated healing of tracks on the surface of alkali glasses is
the presence of a surface film on them, whose formation and properties are due to the chemica
interaction of the glass with the components of the surrounding medium.
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